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Chapter 1 
General introduction 
 
1.1. Plant Mitochondria 
Mitochondria are small (0.5 µm x 2 µm) semi-autonomous organelles varying in 
shape from spherical to filamentous. Their number per cell varies depending on the type 
and size of the cell and the extent of cellular differentiation (Douce, 1985, McCabe et al., 
2000). Thought mitochondria occupy as little as 1% of the total volume of the cell, they 
play a pivotal role in energy metabolism and in the maintenance of cellular homeostasis. 
Mitochondria contain two set of membranes that divide the organelle into four 
compartments; the outer membrane, the region between the two membranes 
(inter-membrane space), a highly invaginated inner membrane, which gives rise to 
structures known as cristae, and the aqueous phase contained within the inner membrane 
(mitochondria matrix) (Siedow and Day, 2000; Fig. 1.1).  
The mitochondrion is the principal organelle of eukaryotic respiration. This 
respiration includes three processes. Two of these process of respiration are the citric acid 
(TCA) cycle and electron transfer/oxidative phosphorylation, which occurs within the 
mitochondrion, whilst the third, glycolysis, occurs in the cytoplasm and supplies the 
mitochondria  with  substrates  such as  pyruvate from the oxidation of carbohydrate 
(Bowsher and Tobin, 2001). Glycolysis involves a series of soluble cytosolic enzymes that 
oxidize sugars to organic acids. The TCA cycle serves as an important source of carbon 
skeletons for biosynthetic processes. The reducing equivalents, synthesized during 
glycolysis and TCA cycle are oxidized by the mitochondrial electron transport chain (ETC) 
that ultimately donates electrons to molecular oxygen producing water. 
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Fig. 1.1. Diagram of the structural membrane organization of a plant mitochondrion 
(Siedow and Day, 2000).
2
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Respiration requires the operation of an ETC that converts the reducing 
equivalents NAD(P)H into energy. As a result, oxygen is reduced to water and ATP is 
synthesized via oxidative phosphorylation. The ETC in the inner mitochondrial membrane 
is composed of four complexes: complex I oxidize matrix-produced NADH and transfers 
electrons to ubiquinone, complex II catalyses the oxidation of succinate, transferring 
electrons to the ubiquinone pool, complex III oxidizes ubiquinone and transfers electrons 
to cytochrome C and complex IV oxidizes reduced cytochrome C and electrons are 
transferred to molecular oxygen, producing water. In addition, plant mitochondria also 
possess four additional NAD(P)H dehydrogenases (Roberts et al., 1995, Melo et al., 1996, 
Agius, 2001), characterized by their insensitivity towards the complex I inhibitor rotenone, 
and a quinol oxidase providing an alternative, non-phosphorylating route for the reduction 
of molecular oxygen to water (Siedow and Day, 2000; Agius, 2001). Two of these 
additional NAD(P)H dehydrogenases are found on the outer surface of the inner membrane 
facing the intermembrane space and two on the inner surface facing the matrix like the 
standard mitochondrial NADH dehydrogenase (Agius, 2001).  
1.2. Characterization of mitochondrial substrate oxidations 
One of the unique features of plant mitochondria is their ability to oxidize 
cytosolic NAD(P)H directly with NAD(P)H dehydrogenases on the outer surface of the 
inner membrane. Apart from the capacity of cytosolic NAD(P)H oxidations, plant 
mitochondria normally oxidize some main other substrates as succinate, malate, etc. Added 
external succinate was oxidized by succinate dehydrogenase in mitochondria matrix. 
Electron transport by succinate dehydrogenase to ubiquinone proceeds with no major 
decrease in the redox potential. Therefore, no energy is gained in the electron transport 
from succinate to ubiquinone (Heldt, 1997). The addition of malate to isolated plant 
mitochondria caused a reduction of the pyridine nucleotide pool (state 2). The addition of 
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ADP increased oxygen consumption, with the concomitant oxidation of matrix NADH 
(state 3), followed by a re-reduction of matrix NAD during state 4 conditions (Neuburger 
et al., 1984). In isolated mitochondria, malate dehydrogenase (MDH) catalyses the 
oxidation of malate to oxaloacetate (OAA), with the concomitant reduction of NAD. The 
NADH produced is rapidly oxidized by internal NADH dehydrogenases, and OAA is 
excreted from the mitochondrial matrix. This product removal allows for continuous 
oxidation of malate, until OAA accumulates in the matrix, decreasing the equilibrium 
concentration of NADH and rate of malate oxidation (Palmer et al., 1982, Neuburger et al., 
1984). This inhibition however, can be circumvented by the participation of NAD malic 
enzyme (NAD-ME). NAD-ME also oxidizes malate, but differs from MDH in that it is 
able to provide a constant source of NADH, despite equilibrium conditions of MDH 
(Palmer and Moller, 1982). Therefore, NAD-ME increases the intramitochondrial 
concentration of NADH, which in turn can be used to reduce previously accumulated OAA. 
When all excess OAA has been removed, NADH is once again available to the respiratory 
NADH dehydrogenases (Agius, 2001). In addition, plant mitochondria have overflow 
mechanisms, which oxidized surplus NADH without synthesis of ATP. Moreover, 
mitochondria possess an alternative (Alt) oxidase (AOX) by which electrons can be 
transferred directly from ubiquinon to oxygen, and this way passed cytochrome (Cyt) C 
oxidase (COX). AOX allows reduction of oxygen without the generation of a 
proton-motive-force. The contribution of AOX to respiration can be determined by 
inhibiting oxidative phosphorylation. Salicylhydroxamic acid (SHAM) is an inhibitor of 
AOX that can be used to determine the quantitative contribution of AOX to respiration. 
The AOX is found in plants, many algae and fungy, and some protozoa. Electron flow 
through the AOX is insensitive to classis inhibitors of COX as cyanide, azide, and carbon 
monoxide; however, it can be specifically inhibited by SHAM, and n-propylgallate 
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(Siedow and Day, 2000).  
In the last decade, mitochondrial substrate oxidations were studied very detail in 
many species of C3 and C4 species. And the role of mitochondria in cell biochemistry of 
these plants has been the subject of intensive investigation. In mitochondria of these 
species, oxidative phosphorylation has been suggested to be the main process supplying 
ATP for the cytosol both in light and in dark. On the other hand, mitochondria can regulate 
both the redox and the energy state of the cell by virtue of the existence of a number of 
metabolite carries and of a respiratory chain (Pastore et al., 2003). It has been also 
indicated that mitochondria play the important roles in producing ATP as energy source 
for the cell and in supplying the carbon compounds necessary for many biosynthetic 
pathways in many species of C3 and C4 plants. Many recent observations on mitochondrial 
respiration also provide the evidence that respiration and photosynthesis are mutually 
beneficial and that respiration maintains a high photosynthesis rate necessary for maximal 
growth  (Laloi, 1999). However, mitochondrial substrate oxidations and the role of 
mitochondria are not fully understood in Crassulacean acid metabolism (CAM) species. 
1.3.Mitochondrial respiration in CAM plants 
1.3.1. General introduction about CAM plants 
  Crassulacean acid metabolism is a photosynthetic system in which the operation 
of C3 and C4 carboxylases occur within a common cell, with enzyme activity separated 
temporally (Dodd et al., 2002). CAM represents one of three major photosynthetic modes, 
together with C3 and C4 pathways. They occurs in approximately 6% of higher plant 
(Winter and Smith, 1996) yet suffers from being perceived as a minor photosynthetic 
pathway, restricted to a small number of highly specialized desert-dwelling plants. CAM is 
a complex adaptation that allows photosynthesis to remain active in the virtual absence of 
external H2O and CO2 exchange (Black and Osmond, 2003). In CAM plants, malic acid is 
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accumulated in the vacuoles of mesophyl cells at night as a result of fixation of CO2 by 
phosphoenolpyruvate carboxylase (PEPC). During the day, malic acid is decarboxylated, 
an released CO2 is refixed in C3 cycle (Kondo et al., 1998). During noctural CO2 fixation 
in CAM plants, the rate of malate production in the cytoplasm must be closely linked to its 
removal into the vacuole across the tonoplast. However, it is still ignorant of the 
mechanism of malate efflux from vacuole during light period, and of the way in which the 
transport processes are regulated during the CAM cycle to prevent futile cycling of malate 
into and out of the vacuole.  
Crassulacean acid metabolism plants are characterizied by the accumulation of 
malate in the vacuoles at night and releasion malate into cytoplasm at day. In CAM plants, 
malate decarboxylation is one of the most important metabolisms during CAM phase III. 
Based on the malate metabolism, CAM plants can be divided into two groups, malic 
enzyme (ME)-CAM and phosphoenolpyruvate carboxykinase (PCK)-CAM plants. 
ME-CAM plants contain significant activities of ME without PCK, and they use ME to 
decarboxylate malate, generating pyruvate and CO2. By contrast, PCK-CAM plants 
contain significant activities of PCK with lower levels of ME, they require the operation of 
MDH to convert malate to oxaloacetate (OAA), and then OAA is further converted to PEP 
and CO2 by cytosol PCK (Dittrich et al., 1973; Winter and Smith, 1996; Cuevas and 
Podestá, 2000). Generally, the understanding on CAM activity during Phase III most 
comes from the reports on intact leaf of CAM plants. And, these reports have provided 
important insights into the control of carbon metabolism in photosynthesis tissues. This 
knowledge in mitochondria of CAM plants, in other hand, is still limited.  
1.3.2. Studies on mitochondria of CAM plants  
In fact, the method to isolate mitochondria from CAM plants has been firstly 
reported in some different species such as Mesembryanthemum crystallinum (Von Willert 
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and Schwöel, 1978), Sedum praealtum (Arron et al., 1979) and Kalanchoë daigremontiana 
(Day et al., 1980). After that, Rustin and his co-workers have been improved this method 
by using Percoll to purified mitochondria after isolating from K. blossfeldiana (Rustin and 
Queiroz-Claret, 1985; Rustin and Lance, 1986). Recently, Percoll was further used to 
purify mitochondria after isolated from some other species in ME-CAM plants as K. 
fedtschenkoi (Cook et al., 1995) or in one species in PCK-CAM plants as Crassula 
lycopodioides (Peckmann and Rustin, 1992). These studies have been indicated that 
mitochondria isolated from these CAM species readily oxidized the main substrates as 
succinate, NADH or NADPH with typical respiration rate similarly as other plant 
mitochondria. Also, Percoll-purified mitochondria normally showed high level of 
intactness and they oxidized malate, succinate, NADH, and NADPH with respiratory 
control rate and ADP/O ratios better than those observed in washed mitochondria. Though 
from 1980, Day (1980) has been reported the method to isolate and characterize the main 
respiratory properties of K. daigremontiana mitochondria; however this report has been 
conducted on washed mitochondria, not Percoll-purified mitochondria. For the present, the 
using Percoll to purify mitochondria for studying on the characteristic respiration of 
Kalanchoë and A. comosus species are unwell- known.  
Rustin and Queiroz-Claret (1985) have been reported that similarly as other plants, 
cyanide resistant oxidation was activated in both intact leaf and mitochondria of K. 
blossfeldiana. During CAM development of K. blossfeldiana, all substrate oxidations, and 
particularly malate oxidation, are activated and became more resistant to cyanide, 
indicating that CAM induction is accompanied to Alt pathway. By using the inhibitor 
method, these authors have been observed that cyanide resistant oxidation of the leaf 
respiration was increased during the first daylight hours, when malate was oxidized to 
pyruvate by cytosolic and mitochondrial malic enzymes in K. blossfeldiana. The cyanide 
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resistant oxidation can be ascribed to the operation of an Alt electron transport pathway. 
The main feature of this pathway is its non-coupling to phosphorylation processes. In 
addition, by using novel oxygen-isotope-discrimination technique, Robinson et al. (1992) 
showed that the flux through the Alt pathway was increased in phase III tissue in parallel 
with the rate of malate decarboxylation. This confirmed a similar observation of Rustin and 
Queiroz-Claret (1985) that a large proportion of the respiratory property in CAM-induced 
K. blossfeldiana was cyanide resistant. Recently, the previous studies in our laboratory also 
indicated that the intact leaves of the typical ME-CAM species as K. daigremontiana and K. 
pinnata, or typical PCK-CAM species as A. comosus showed Alt respiration in CAM phase 
III, however K. daigremontiana was found to have a clear requirement of O2 whereas the 
O2 requirements in A. comosus were low (Nose et al., 1999, Nose and Takashi, 2001). 
Clearly that Alt respiration was activated during leaf respiration in some investigated CAM 
plants; however, what controls the activity of Alt pathway in vivo is still not fully 
understood, and physiological role for the Alt pathway in Phase III metabolism of CAM 
plants is not readily apparent (Winter and Smith, 1996). In addition, it has been suggested 
that ME may be linked to non-phosphorylating electron transport pathways in plant 
mitochondria (Lance and Rustin, 1984; Lance et al., 1985). The oxidation of malate via 
ME essentially proceeds through the cyanide-insensitive Alt electron transport pathway, 
whereas the oxidation of malate via MDH appears strongly linked to the cyanide sensitive 
Cyt pathway (Rustin et al., 1980). However, it has been argued that there is no structural 
link between these enzymes, since under appropriate conditions other NAD-linked enzyme, 
in addition to ME, can be liked to the rotenone-insensitive bypass and AOX (Day et al., 
1987). 
In fact, the knowledge on respiratory property and Alt respiration in CAM plants 
were mainly collected from the reports which were mainly investigated with only one of 
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the respiratory substrates. While many experimental evident in other plant mitochondria 
indicated that mitochondrial respiratory properties and Alt respiration were significantly 
increased in simultaneously oxidation of two or three substrates, suggesting that during the 
in vivo plant respiration, the mitochondrial electron transport chain was not saturated with 
only one respiration substrate (Shugaev and Vyskrebentseva, 1999). Furthermore, the effect 
of O2 concentrations on plant respiration and Alt respiration has been recently reported by 
some researchers. Ricard et al. (1994) showed that low O2 concentrations in root tissue 
resulting from an anaerobic environment allowing for limited COX activity, while the 
behaviors of AOX is unknown. More recent, Szal et al. (2003) has been also reported that 
the O2 concentrations may be one of the control mechanisms of AOX activity in barley 
roots. Noticeably, all of these problems were not probed in mitochondria isolated from 
CAM plants.  
Generally, malate oxidation in the mitochondria isolated from other plants 
proceeds through the activities of two enzymes: MDH and NAD-ME. The balance between 
the two enzyme systems competing for malate oxidation may be controlled by various 
internal or external factors, such as intramitochondrial pH or addition of cofactors (Rustin 
et al., 1980). The major products of malate oxidation by these mitochondria in most cases 
were found to be pyruvate and CO2, indicated that their malate oxidation proceeds mainly 
through NAD-ME rather than NAD-MDH. In CAM plants, it is acknowledged that during 
the deacidification in ME-CAM phase III, malate entering the mitochondrion can be 
oxidatively decarboxylated by NAD-ME, but it is not clear how much of the resultant 
pyruvate subsequently enters the TCA cycle. At that time, they had no direct information 
on how much malate passes through the mitochondrion during the deacidification phase in 
the light period. This was linked to the still unresolved question of the relative contribution 
of the cytosolic NADP-ME and mitochondrial NAD-ME to malate decarboxylation in 
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ME-CAM plants. Attempts to determine how much malate is oxidized in the mitochondria 
during phase III have been made by measuring the rates of oxygen uptake in the dark by 
leaf discs of K. daigremontiana sampled at different time during the day-night cycle. By 
comparing the observed rates of O2 uptake (in the dark) with those of malate consumption 
(in the light), Robinson et al. (1992) calculated that up to 58% of the malate 
decarboxylated in phase III may be oxidized in the mitochondria by NAD-ME to pyruvate 
and CO2 and also implied that significantly more would have to be provided by 
photophosphorylation. For PCK-CAM plants, the question that whether NAD-ME or 
NADP-ME activities might also be controlled by reversible covalent modification during 
the CAM cycle in a manner equivalent to PEPC has not yet been determine (Winter and 
Smith, 1996).  
For the present, the pathways of malate decarboxylation in cytosolic of CAM 
plants have been studied in some detail in both ME and PCK-CAM plants. And the malate 
metabolism has been also investigated in mitochondria of some ME-CAM species. In 
contrast, the malate metabolism in mitochondria of PCK-CAM plants has received 
comparatively little attention. Among typical PCK-CAM plants, A. comosus is a species in 
which MDH plays an important role in the interconversion between malate and OAA, 
catalyzing the reductive reaction during the night period, while it oxidized malate during 
daytime deacidification (Cuevas and Podestá, 2000). Recently, it has been found that A. 
comosus leaves contained high levels of cytosolic MDH (cMDH). This cMDH in A. 
comosus leaf extracts was very active, and OAA reduction by this cMDH enormously 
exceeded. However, the question that where cMDH is engaged in malate oxidation at 
daytime, and which malate metabolism operates during phase III in A. comosus 
mitochondria is still not completely understood. In addition the role of mitochondria 
isolated from A. comosus as well as other PCK-CAM plants during CAM phase III is 
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completely unknown. So far, associated with these distinctive pathways of malate (or 
OAA) decarboxylation, different properties of intact mitochondria are suspected (Fig. 1.2).  
Surprising from 1996, when referring to the problem of CAM-current and 
perspective, Winter and Smith did emphasize that in fact, one important area that clearly 
warrants more detailed study is the role of the mitochondrion in CAM pathway. To 
determine what malate metabolism occurs in mitochondrial matrix of PCK-CAM species 
and discover the role of the mitochondrion in CAM pathway would be an important 
question for future work in this area. However in recent years, based on the reports at the 
3rd International Congress on CAM, Holtum (2002) again concluded that two unwell 
known features of CAM are the role of mitochondria and regulation of decarboxylation 
during the light. It is clearly that till now these remained problems are still unsolved in 
mitochondria of CAM plants and they required being study as soon as possible to bring full 
understanding on the characteristics, functions and regulation of mitochondria in CAM 
plants.  
In this study, at first, we tried to find out the suitable method for isolating and 
using Percoll to purify mitochondria of two typical ME-CAM species, K. daigremontiana 
and K. pinnata, and one typical PCK-CAM species, A. comosus. Then, we investigated 
their mitochondrial respiration in both individual and simultaneous substrate oxidations in 
which we especially focused on the different characteristics in enzyme activity and 
mitochondrial malate metabolism of two Kalanchoë species and A. comosus. Concurrently, 
we investigated the the effects of KCN, SHAM and low oxygen concentration on the 
mitochondrial respiration in these CAM species. Our study was conducted to gain insight 
into the respiratory property, characteristics and the role of mitochondria in the respiration 
process and find out their relationships with photosynthesis in CAM phase III. 
 
CAM Plants
ME-CAM PCK-CAM
Fig. 1.2 Malate metabolisms in cytosol and mitochondria of  ME-CAM and PCK-CAM plants.
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Chapter 2 
Oxidation of substrates in Percoll-purified mitochondria isolated from 
Kalanchoë daigremontiana 
 
2.1. Introduction 
Mitochondria play a central role in energy and carbon metabolism of eukaryotic 
cell, being the site of both the tricarboxylic acid cycle and oxidative phosphorylation 
pathways (Siedow and Day, 2000; Vanlerberghe et al., 2002). Over the past 20 years, 
investigation of researchers concerning the mitochondria of plants mainly concentrated in 
C3 and C4 species. There is very little research that is conducted in mitochondria of CAM 
species. Recently, based on the reports at the 3rd International Congress on Crassulacean 
Acid Metabolism (2001), Holtum (2002) has been concluded that most of the research in 
CAM plants concentrated on three broad categories: circadian rhythms and biological 
clocks, carbon flux and metabolic control, and phenotypic plasticity. Two features of CAM 
that are not well understood are the role of mitochondria and regulation of decarboxylation 
during the light (Holtum, 2002). So that, studying on mitochondria in CAM plants 
becomes more necessary for providing a completely understanding in whole plant 
mitochondrial biology. 
The respiratory property of K. daigremontiana mitochondria with malate is 
reported by Day (1980), and Wiskich and Day (1982). However, they use washed 
mitochondria that are not purified on a Percoll gradient. In this study, we used 
Percoll-purified mitochondria of K. daigremontiana to investigate the differences in the 
respiratory properties with succinate, malate, NADH and NADPH in both oxidation of 
simple substrate and cooperative substrates. Another parts of this work were to investigate 
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the levels of purify and intactness of the inner membrane mitochondria, and activities of 
MDH, NAD-ME and NADP-ME in leaf and in the mitochondria.  
2.2. Materials and methods 
2.2.1. Plant materials 
Experimental K. daigremontiana plants were transferred to a growth chamber 
(KG-50 HLA, Koito Industrial Co., LTD., Japan) with a photoperiod of 12 h light and 12 h 
dark. Conditions in the growth chamber were 35oC during the light period at a light 
intensity of 420 to 450 µmol m-2 s-1 at the top of the plant, and 25oC during the dark period, 
and a relative humidity of 70% during both periods. The leaves were harvested at 6 to 7 h 
after the beginning of the light period. The harvested leaves were transported to the 
laboratory, rinsed thoroughly with distilled water and used for isolating of mitochondria.  
2.2.2. Preparation of mitochondria  
The midrib and margins of K. daigremontiana leaves were excised and discarded, 
and the remaining tissue was cut into small pieces and ground in a blender (National 
MX-X1, Japan) with 150 mL of ice-cold isolation buffer (350 mM manitol, 250 mM 
sucrose, 0.1% (w/v) BSA, 1% PVP-40, 5 mM KH2PO4, 5 mM EDTA-KOH (pH 7.4), 1 
mM DTT and 100 mM HEPES-KOH (pH 7.4). After filtration through four layers of 
sterile Mira-cloth (Calbiochem-Novabiochem, La Jolla, CA, USA) the homogenate was 
centrifuged at 300 g (Tomy CX-250 refrigerated centrifuge, Japan) for 5 min. The resulting 
supernatant was centrifuged at 10,000 g for 15 min to pellet the mitochondria. The pellets 
were resuspended in approximately 10 mL of wash buffer (400 mM sucrose, 5 mM 
KH2PO4, 5 mM EDTA-KOH (pH 7.4), and 50 mM HEPES-KOH (pH 7.4) and then 
centrifuged at 500 g for 5 min. The supernatant was again resuspended in 10 mL of wash 
buffer and centrifuge at 6,000 g for 20 min to pellet mitochondria. The pellets were 
resuspended in 2.5 mL of wash buffer and then further purified in 16 mL Percoll 27% by 
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centrifugation at 4oC, 52,600 g (P28S rotor, CP75β ultracentrifuge, Hitachi Koki Co., Ltd, 
Japan) for 30 min. The mitochondria were found in a band of the lower half of the 
centrifuge tube, and were extracted from the gradient by pipette. The mitochondria were 
resuspended in 40 mL of wash medium and pelleted by centrifuging at 12,000 g for 10 min. 
Final pellets were resuspended in 1mL of assay buffer contained 400 mM sucrose, 0.1% 
BSA and 40 mM HEPES-KOH (pH 7.4) (Fig. 2.1).  
2.2.3. Preparation of leaf extraction for enzyme assays  
The tissue frozed by liquid nitrogen (0.5 g fresh weigh) was homogenized using a 
mortar and pestle with 40 mg of polyvinylpolypyrrolidone in 4mL of ice-cold extraction 
buffer. The extraction buffer for MDH, NAD-ME and NADP-ME contained 50 mM 
Tris-HCl of pH 7.8, 8 mM MgCl2, 1 mM EDTA-KOH (pH 7.4), 5 mM DTT, 0.2% (w/v) 
BSA and 0.02% (w/v) Triton X-100. The homogenate was filtered through one layer of 
Mira-cloth and the filtrate was centrifuged at 10,000 g for 10 minutes at 4oC. The 
supernatant was desalted by passing through 5 mL Sephadex G-25 column (PD-10 column, 
Pharmacia Biotech AB Uppsala Sweden) previously equilibrated with the enzyme 
extraction medium. The desalting extract was used immediately for determination of 
enzyme activity.  
2.2.4. Preparation of mitochondria for enzyme assays  
The Percoll-purified mitochondria were filtered at room temperature on a column 
of Sephadex G-25 (PD-10 column, Pharmacia Biotech AB Uppsala Sweden) previously 
equilibrated with the suspending buffer (400 mM sucrose, 0.1% BSA and 40 mM 
HEPES-KOH (pH 7.4); thereafter, MDH, NAD-ME and NADP-ME were assayed in 
mitochondria after lysis with 0.1% (v/v) Triton X-100. 
2.2.5. Mitochondrial activity 
Oxygen consumption was measured using a liquid type oxygen electrode (Rank  
Pellet discard Supernatant was centrifuged at 
10,000g for 15min
Pellet was re-suspended in 10ml 
wash buffer 1 and centrifuged 
at 500g for 5 min
Supernatant discard
Pellet discard Supernatant was re-suspended  in 
10ml wash buffer 2 and centrifuged 
at 6,000g  for 20min
Supernatant discard Pellet  was re-suspended  in 16 ml of wash buffer 
3 with 27% Percoll then was
ultra-centrifuged at  52,600g for 30 min
Mitochondria were re-suspend in 40 ml of wash 
buffer 1 and  was centrifuged at 12,000g for 10 min
Supernatant discard Purified mitochondria were               
re-suspended  in 1ml of 
diluted buffer
Extract medium was
centrifuged at 300g  for 5 min
Fig. 2.1. Methods to isolate and purify mitochondria of K. daigremontiana.
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CAM specie. 
2.3.2. Enzyme activities 
Table 2.1 showed the activities of malate dehydrogenase (MDH), NAD-malic 
enzyme (NAD-ME) and NADP-malic enzyme (NADP-ME) in leaf tissue and in 
mitochondria isolated from K. daigremontiana leaves. The activities of NAD-ME, 
NADP-ME and MDH were detected in leaf extract and in Percoll-purified mitochondria. 
NAD-ME activity was higher than NADP-ME activity in leaf extracts. This result was 
similar with the observation of Winter and Smith (1996) who showed that in K. 
daigremontiana, the development of CAM in the course of leaf ontogeny was associated 
with an increase in NAD-ME activity but a significant declined in NADP-ME activities.  
In mitochondria of K. daigremontiana, MDH activity was higher than that in leaf. 
Although NAD-ME was predominantly located in the mitochondria, a small amount of  
NADP-ME was also detected in these mitochondria (Table 2.1). 
2.3.3. Respiratory properties of K. daigremontiana mitochondria 
Discontinuous Percoll density gradients had been used for the purification of 
mitochondria. In our experiment, concentration of 27% Percoll was found to be ideal for 
purifying K. daigremontiana mitochondria. Percoll-purified K. daigremontiana 
mitochondria all readily oxidized succinate, malate, NADH and NADPH as substrates (Fig. 
2.3). Total respiration rates, respiratory control values (RCR) and ADP/O ratios differed for 
the substrates (Table 2.2). The results in Fig. 2.3 showed typical electrode traces for the 
oxidation of substrates by K. daigremontiana mitochondria. The total respiration rates in 
succinate oxidation (Fig. 2.3A) were near similar with that of NADPH oxidation (Fig. 
2.3B), were slightly lower than that with NADH oxidation (Fig. 2.3C) and near double of 
that with malate oxidation. The ADP/O ratios with succnate, NADH and NADPH 
oxidations were less than 2 indicating that these oxidations were coupled to two proton -  
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Table 2.2. Respiratory properties of Percoll-purified K. daigremontiana mitochondria.  
Oxygen uptake was measured as described in “Materials and Methods”. 
Concentrations used were: 10 mM succinate, 1 mM NADH, 1 mM NADPH, 10 mM 
malate, 400 nmol ADP with succinate as a substrate, and, 240 nmol ADP with all another 
substrates. State 3 refers to the respiration rate of O2 uptake in the presence of ADP; state 4 
refers to the rate upon depletion of ADP. Respiratory control ratio (RCR) was calculated as 
the ratio of state 3 to state 4 rates. Each value was the average of four or five independent 
experiments.  
 
Respiration rate 
(nmol O2 min -1mg -1protein) 
 
Substrates 
State 3 State 4 
 
RCR 
 
ADP/O 
Succinate 
NADH 
NADPH 
Malate 
142 ± 18 
137 ± 28 
124 ± 16 
75 ± 12 
67 ± 6 
60 ± 34 
60 ± 12 
43 ± 11 
2.1 ± 0.2 
2.4 ± 0.7 
2.0 ± 0.4 
1.7 ± 0.3 
1.6 ± 0.3 
1.5 ± 0.4 
1.7 ± 0.2 
2.5 ± 0.2 
 
 
 
 
 
 
 
A B
Fig. 2.2. Malate dehydrogenase activities before (A)and after (B) lysis with Triton X-100 
in Percoll-purified mitochondria isolated from K. daigremontiana.
Assay conditions were shown in ‘Materials and methods’.
19
 20
CAM specie. 
2.3.2. Enzyme activities 
Table 2.1 showed the activities of malate dehydrogenase (MDH), NAD-malic 
enzyme (NAD-ME) and NADP-malic enzyme (NADP-ME) in leaf tissue and in 
mitochondria isolated from K. daigremontiana leaves. The activities of NAD-ME, 
NADP-ME and MDH were detected in leaf extract and in Percoll-purified mitochondria. 
NAD-ME activity was higher than NADP-ME activity in leaf extracts. This result was 
similar with the observation of Winter and Smith (1996) who showed that in K. 
daigremontiana, the development of CAM in the course of leaf ontogeny was associated 
with an increase in NAD-ME activity but a significant declined in NADP-ME activities.  
In mitochondria of K. daigremontiana, MDH activity was higher than that in leaf. 
Although NAD-ME was predominantly located in the mitochondria, a small amount of  
NADP-ME was also detected in these mitochondria (Table 2.1). 
2.3.3. Respiratory properties of K. daigremontiana mitochondria 
Discontinuous Percoll density gradients had been used for the purification of 
mitochondria. In our experiment, concentration of 27% Percoll was found to be ideal for 
purifying K. daigremontiana mitochondria. Percoll-purified K. daigremontiana 
mitochondria all readily oxidized succinate, malate, NADH and NADPH as substrates (Fig. 
2.3). Total respiration rates, respiratory control values (RCR) and ADP/O ratios differed for 
the substrates (Table 2.2). The results in Fig. 2.3 showed typical electrode traces for the 
oxidation of substrates by K. daigremontiana mitochondria. The total respiration rates in 
succinate oxidation (Fig. 2.3A) were near similar with that of NADPH oxidation (Fig. 
2.3B), were slightly lower than that with NADH oxidation (Fig. 2.3C) and near double of 
that with malate oxidation. The ADP/O ratios with succnate, NADH and NADPH 
oxidations were less than 2 indicating that these oxidations were coupled to two proton -  
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Table 2.2. Respiratory properties of Percoll-purified K. daigremontiana mitochondria.  
Oxygen uptake was measured as described in “Materials and Methods”. 
Concentrations used were: 10 mM succinate, 1 mM NADH, 1 mM NADPH, 10 mM 
malate, 400 nmol ADP with succinate as a substrate, and, 240 nmol ADP with all another 
substrates. State 3 refers to the respiration rate of O2 uptake in the presence of ADP; state 4 
refers to the rate upon depletion of ADP. Respiratory control ratio (RCR) was calculated as 
the ratio of state 3 to state 4 rates. Each value was the average of four or five independent 
experiments.  
 
Respiration rate 
(nmol O2 min -1mg -1protein) 
 
Substrates 
State 3 State 4 
 
RCR 
 
ADP/O 
Succinate 
NADH 
NADPH 
Malate 
142 ± 18 
137 ± 28 
124 ± 16 
75 ± 12 
67 ± 6 
60 ± 34 
60 ± 12 
43 ± 11 
2.1 ± 0.2 
2.4 ± 0.7 
2.0 ± 0.4 
1.7 ± 0.3 
1.6 ± 0.3 
1.5 ± 0.4 
1.7 ± 0.2 
2.5 ± 0.2 
 
 
Fig. 2.3. Individual oxidation of succinate (A), NADPH (B), NADH (C) and 
malate (D) in Percoll-purified K. daigremontiana mitochondria. 
Assay conditions were shown in the legend of Table 2.2. Numbers along the traces 
refer to nmol O2 consumed min-1 mg-1 protein.
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extrusion sites. These ADP/O values were similar to the ADP/O values in washed 
mitochondria of the other CAM plants such as: Sedum praealtum (Arron et al., 1979), K. 
daigremontiana (Day, 1980) and K. blossfeldiana (Rustin and Queiroz-Claret, 1985). 
NADH and NADPH were readily oxidized by K. daigremontiana mitochondria in 
the absence of Ca2+, an activator of external NAD(P)H dehydrogenase. The mitochondria 
were capable of oxidizing exogenous NADH and NADPH with near similar way, but the 
respiration rates with NADH were slightly higher than those with NADPH oxidation (Fig. 
2.3B and 2.3C). NADPH oxidation by Percoll purified K. daigremontiana mitochondria 
showed the respiration rate rather higher than that by washed mitochondria of K. 
blossfeldiana (104 nmol min-1 mg-1 protein, Rustin and Queiroz-Claret, 1985) and by 
washed mitochondria of S. praealtum (28.8 nmol min-1 mg-1 protein, Arron et al., 1979). 
And the respiration rates of the NADH and NADPH oxidations by Percoll purified 
mitochondria in our study were near double of that with washed mitochondria of K. 
daigremontiana which is previous reported by Day (1980). Fig. 2.3D shows typical O2 
uptake patterns obtained with K. daigremontiana mitochondria oxidizing malate as a 
substrate. The mitochondria isolated from K. daigremontiana oxidized malate (pH 6.8) at 
significant rates, and the ADP/O ratios in this oxidation were greater than 2 (Table 2.2) 
indicated that three proton-extrusion sites were utilized. K. daigremontiana mitochondria 
oxidized malate without any cofactors; however, their oxidation rate was slower than that 
with other substrates (Table 2.2 and Fig. 2.3D). These results were near similar with those 
in malate oxidation by washed mitochondria of S. praealtum and sunflower (Arron et al., 
1980). In general, before adding ADP, these mitochondria slowly oxidized malate. Upon 
ADP addition, high rates of oxygen consumption were measured (Fig. 2.3D).  
The respiratory properties of cooperative oxidation by K. daigremontiana 
mitochondria with two substrates were shown in Table 2.3 and Fig. 2.4. These cooperative  
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Table 2.3. Respiratory properties of Percoll-purified K. daigremontiana mitochondria in 
simultaneous substrate oxidation of succinate and NAD(P)H. 
Concentrations used were: 10 mM succinate, 1 mM NADH, 1 mM NADPH, 10 mM 
malate, 240 nmol ADP for NADH plus NADPH, and 320 nmol ADP for succinate plus 
with NADH or NADPH. Each value was the average of four or five independent 
experiments.  
 
Respiration rate 
(nmol O2 min -1mg -1protein) 
 
Substrates 
State 3 State 4 
 
RCR 
 
ADP/O 
Succinate + NADH 
Succinate + NADPH 
NADH + NADPH 
223 ± 23 
231 ± 19 
134 ± 20 
127 ± 19 
141 ± 23 
52 ± 21 
1.8 ± 0.1 
1.7 ± 0.2 
2.9 ± 1.4 
1.6 ± 0.2 
1.5 ± 0.4 
1.8 ± 0.2 
 
 
 
 
 
 
 
RCR: 1.68
ADP/O: 1.47
68
166
107
204
249
145
128
216
84
ADP
ADP
ADP
ADP
ADP
Suc + NADHMp
RCR: 1.71
ADP/O: 1.17
145
115
221
161
232
146
249
79
ADP
ADP
ADP
ADP
ADP
Suc + NADPHMp
114
27
RCR: 1.89
ADP/O: 1.83
129
126
65
157
63
34
ADP
ADP
ADP
ADP
ADP
ADP
NADH / NADPHMp
Fig. 2.4. Cooperative oxidations of succinate and NAD(P)H in Percoll-purified 
K. daigremontiana mitochondria. 
Assay conditions were shown in Table 2.3. Numbers along the traces refer to nmol
O2 consumed min-1 mg-1 protein.
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oxidation gave ADP/O ratios of lower than 2 indicated that two proton- extrusion sites 
were utilized. The respiratory rates with simultaneous oxidation of succinate and NADH or 
succinate and NADPH always were lower than the sum of the individual respiration rates 
with each substrate but higher than the individual respiration rates with single substrate 
(Fig. 2.4). These simultaneous oxidation rates were about 80% and 87% of the sum of the 
individual respiration rates with succinate plus NADH and succinate plus NADPH, 
respectively. In contract, combination of NADH and NADPH did not increase the 
respiratory rates and this rate was about 51% of the sum of the individual rates and was 
near the same rate with NADH or NADPH individual oxidation (Fig. 2.4 and Table 2.3).  
2.4. Discussion 
In contrast to mitochondria from animal tissues, plant mitochondria can also 
oxidize cytosolic NADH and in some cases cytosolic NADPH (Heldt, 1997). Our 
experiments showed that K. daigremontiana mitochondria were able to oxidize both of 
NADH and NADPH. These results differed from previous report for mitochondria isolated 
from aged beetroot slices which cannot oxidize exogenous NADPH (Arron et al., 1979). 
The respiratory properties of mitochondria isolated from K. daigremontiana with NADH 
(70 nmol min-1 mg-1 protein) and NADPH (64 nmol min-1 mg-1 protein) was reported by 
Day (1980), using washed mitochondria. Compared with these results, our results showed 
near double rate (137 ± 28 nmol min-1 mg-1 protein for NADH and 124 ± 16 nmol min-1 
mg-1 protein for NADPH), possibly because we used Percoll-purified mitochondria. Percoll 
gradient markedly decreased the degree of contamination and showed high rate (Fredlund 
et al., 1991).  
The property of absorbing malate has been detected in many plant mitochondria in 
which malate can be decarboxylated in the mitochondrial matrix through the action of 
NAD-ME to produce pyruvate (Artus and Ewards, 1985), which is oxidized by the TCA 
 27
cycle. These data showed that K. daigremontiana mitochondria possessed a larger ME 
activity (Table 2.1), and readily oxidized malate (Table 2.2, Fig. 2.3). This phenomenon fits 
with previous results on malate oxidation by mitochondria isolated from K. 
daigremontiana (Day, 1980) and K. blossfeldiana (Rustin and Lance, 1986).  
Previous experiments with other plants mitochondria have shown that the Cyt 
chain was not saturated by oxidation of any one substrate. For example, in Iris bulb 
mitochondria the respiration rates with the combination of succinate and NADH were 
always significantly lower than the sum of the single rate (Hemrika-Wagner et al., 1986). 
In our research, for K. daigremontiana mitochondria, when the second substrate (NADH or 
NADPH) was simultaneously present with the first substrate (succinate), the overall rate of 
respiration was always significantly higher than the individual rates. However, the 
respiration rate in simultaneous oxidation of NADH and NADPH was not higher than the 
individual rates (Fig. 2.4 and Table 2.3). This result was deferred with potato mitochondria 
in which the oxidation of two substrates NADPH and NADH leads to increase the 
respiration rate (Arrabaca et al., 1992). It may due to in K. daigremontiana, mitochondrial 
electron flow from NAD(P)H oxidation to UQ in the individual oxidation of NAD(P)H 
was saturated, however the mitochondrial electron flow from succinate oxidation to UQ in 
the individual succinate oxidation was unsaturated. In the simultaneous oxidation of 
succinate and NADH or NADPH, the NAD(P)H dehydrogenases may also contributed in 
transporting ETC from succinate oxidation to UQ, increasing the number of electron to UQ 
and Alt pathway, leading to an significant increase not only in the respiration rate but also 
in Alt respiration. Therefore, it seems that succinate dehydrogenase and NAD(P)H 
dehydrogenases could together contributed to catalyzed substrates in the simultaneous 
oxidation of K. daigremontiana mitochondria, but this function is for future study. 
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2.5. Summary 
Percoll-purified mitochondria isolated from K. daigremontiana showed a rather 
high degree of purify and intactness of the inner membrane. These mitochondria posses 
malate dehydrogenase (MDH) and NAD(P)-malic enzyme (ME) activities in which MDH 
activity was about twenty five folds higher than that with NAD-ME. The K. 
daigremontiana mitochondria already oxidized succinate, malate, NADH and NADPH 
without any cofactor. The highest respiration rate was found with succinate, followed by 
NADH, NADPH and malate. The respiration rate in succinate oxidation by K. 
daigremontiana mitochondria was near twice as far as the rate by malate oxidation. 
Mitochondria of K. daigremontiana oxidized NADH and NADPH with the same way; 
however the respiration rates in NADH oxidations was slightly higher than that with 
NADPH. The cooperative oxidation of succinate and NADH or NADPH normally leads to 
increase the respiratory rates that were lower than the sum of the individual rates but 
higher than the individual rates.  
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Chapter 3 
Oxidations of various substrate and effects of the inhibitors on purified 
mitochondria isolated from Kalanchoë pinnata 
 
3.1. Introduction 
Mitochondrial respiration of plants differs from that of animals by the presence of 
an alternative (Alt) pathway in the electron-transport chain (ETC). It branches from the 
cytochrome (Cyt) pathway at ubiquinone (Q) and donates electrons directly to oxygen to 
form water. The Alt pathway is inhibited by SHAM and the Cyt pathway is inhibited by 
KCN. In spite of extensive investigation among higher plants, fungi, yeasts and protozoa, 
the physiological role of the Alt pathway in ETC is not fully understood. For CAM plants, 
it has been shown that there was an increase in cyanide-resistant leaf respiration in the 
phase III of K. blossfeldiana (Rustin and Queiroz-Claret, 1985), and K. daigremontiana 
(Robinson, 1992). However, the Alt capacity in CAM mitochondria is probably not great 
enough to support in vivo rates of malate decarboxylation (Wiskich and Day, 1982).   
Kalanchoë pinnata is a ME type CAM plant. In the phase III, under closure of the 
stomata, malate is released from the vacuole and oxidatively decarboxylated by 
NAD(P)-ME to generate pyruvate and CO2. Pyruvate is phosphorylated to 
phosphoenolpyruvate (PEP) by catalysis of pyruvate orthophosphate dikinase (PPDK), and 
then it is conserved in gluconeogenesis (Kondo et al., 1998). Recently, the experiment 
results in our laboratory indicated that PPDK is distributed both in chloroplast and cytosol 
in K. pinnata mesophyll cell (Kondo et al., 1998). Under low oxygen conditions, these 
plants lost phase III in CAM-type diurnal gas-exchange activity (Nose et al., 1999). There 
was an increase of the Alt pathway activity in CAM phase III of K. pinnata leaf (Tsuchiya 
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et al., 2001). These results suggest that not only ME but also Alt pathway plays an 
important role during the malate decarboxylation in the phase III of K. pinnata intact leaf 
and raise some further questions about K. pinnata mitochondria. How do the mitochondria 
contribute to total malate decarboxylation during the phase III? How to reduce the NADPH 
produced from malate decarboxylation via cytosol NADP-ME? How does the cytosolic 
PPDK activity involve to the mitochondrial ATP synthesis? Is there any relationship 
between the malate oxidation and the Alt pathway in mitochondria? Are these activities in 
mitochondria involved with those in intact leaf of K. pinnata or not? Based on these view 
points, we investigated respiratory properties with various substrates and effects of the 
inhibitors on the Alt pathway in K. pinnata mitochondria.  
3.2. Materials and methods 
3.2.1. Plant material and mitochondria respiration 
Kalanchoë pinnata were vegetatively propagated and grown in plastic pots in a 
greenhouse with heater under natural light. Ten days before the experiments, the 3 month 
old plants were transferred to a growth chamber (KG-50 HLA, Koito Industrial Co., LTD., 
Japan) with a photoperiod of 12 h light and 12 h dark. The temperature in the growth 
chamber was maintained at 35oC during the light period and 25oC during the dark period 
with photosynthetically active radiation at the mid-plant height of 420 to 450 µmol m-2 s-1. 
The fifth to seventh leaves, numbered from the apex, were used for the experiments. The 
leaves were harvested at 6 to 7 h after the beginning of the light period. The harvested 
leaves were transported to the laboratory, rinsed thoroughly with distilled water and used 
for isolating of mitochondria.  
Mitochondria of K. pinnata were isolated and purified on Percoll gradients as 
described previously (see Method in chapter 2, Hong et al., 2004). Oxygen consumption 
was measured using a liquid type oxygen electrode (Rank Brothers England) at 25oC in 2 
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mL of reaction medium [(300 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 10 mM KCl, 
100 mM HEPES-KOH (pH 7.4)] and pH was adjusted from 6.8 to 7.8 with KOH. The O2 
concentration in air-saturated medium was taken as 258 µM. RCR and ADP/O ratios value 
were calculated according to Estabrook (1967). The protein content was measured by the 
method of Bradford (1976) using BSA as the standard. Chlorophyll content was 
determined according to Arnon (1949). 
3.2.2. Preparation of leaf extraction and mitochondria for enzyme assays. 
The leaf sample (0.5 g fresh weight) was homogenized using a mortar and pestle 
with 0.2 g sea sand and 40 mg PVP in 4 mL of ice-cold extraction buffer. The extraction 
buffer for MDH, NAD-ME and NADP-ME contained 50 mM Tris-HCl of pH 7.8, 8 mM 
MgCl2, 1 mM EDTA-KOH (pH 7.0), 5 mM DTT, 0.2% (w/v) BSA and 0.02% (w/v) Triton 
X-100. The homogenate was filtered through one layer of Miracloth 
(Calbiochem-Novabiochem, La Jolla, CA, USA). Part of the homogenate was taken for 
determination of chlorophyll content; the other homogenate was centrifuged at 10,000 g 
for 10 minutes at 4oC. The supernatant was desalted by passing through a Sephadex G-25 
(PD-10 column, Pharmacia Biotech AB Uppsala Sweden) that had been equilibrated with 
the enzyme extraction medium. The desalting extract was used immediately for 
determination of enzyme activities.  
3.2.3. Preparation of mitochondria for enzyme assays 
The mitochondria were filtered at room temperature on a column of Sephadex G-25 
(PD-10 column, Pharmacia Biotech AB Uppsala Sweden) previously equilibrated with the 
suspending buffer contained 400 mM sucrose, 0.1% BSA and 40 mM HEPES-KOH (pH 
7.4), thereafter, MDH, NAD-ME and NADP-ME were assayed in mitochondria after lysis 
with 0.1% (w/v) Triton X-100. 
3.2.4. Enzyme Assays 
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MDH (L-malate: NAD oxidoreductase, EC 1.1.1.37) and NAD-dependent ME (EC 
1.1.1.39) were assayed according to Pastore et al. (2001). NADP-dependent ME (EC 
1.1.1.40) was assayed according to Kondo et al. (2000). Rubisco was assayed according to 
Du et al. (1996). PEPC was assayed according to Shaheen et al. (2002).  
3.3. Results 
3.3.1. Enzyme activities 
PEPC and Rubisco were localized unambiguously in the cytosol and chloroplast, 
respectively, of K. pinnata mesophyll cells (Kondo et al., 1998), so that their activities can 
be used as the indicators of mitochondrial purity. Rubisco activity was null and PEPC 
activity in mitochondria was approximate by 4.4% of that in cytosol (Table 3.1). These 
results indicated that the mitochondria suspensions did not contain chloroplast components 
and the cytosol contamination of the mitochondria was rather low.  
Activities of NAD-ME, NADP-ME and MDH were detected in leaf extract and in 
K. pinnata mitochondria. NAD-ME activity was higher than NADP-ME activity in leaf 
extracts of K. pinnata (Table 3.2). Although NAD-ME was predominantly located in the 
mitochondria, a small amount of NADP-ME was also detected in K. pinnata mitochondria. 
MDH activity in mitochondria was higher than that in leaf of K. pinnata. 
3.3.2. Respiratory properties of K. pinnata mitochondria with the single substrate 
Respiratory properties with several different single substrates were shown in Table 
3.3. The highest respiration rates were recorded with succinate. They exceeded those for  
NADH, NADPH and malate (pH 6.8) in the presence of 1 mM TPP, 1.6, 1.9, and 1.8 times, 
respectively. The ADP/O ratios in succinate oxidation were less than 2, indicating that their 
oxidations were coupled to two proton-extrusion sites. K. pinnata mitochondria were able 
to oxidase external NADH and NADPH with near by similar way; however, the rates of 
NADH oxidation were rather higher than those of NADPH oxidation (Table 3.3). Malate  
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Table 3.1. Rubisco and PEPC activities in leaf extract and mitochondria of K. pinnata. 
Results shown are means ± SE (n= 4-5) of separate preparations. Rubisco showed initial 
activity. ND, not detectable.  
 
Enzyme Leaf * Leaf ** Mp ** 
PEPC  12.97 ± 1.04 0.48 ± 0.04 0.021 ± 0.011
Rubisco  5.99 ± 2.15 0.17 ± 0.03 ND 
 
Enzyme activities are expressed as: * µmolmg-1(chlorophyll) min-1,  
** µmolmg-1(protein) min-1. 
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Table 3.2. Enzyme activities in leaf extract and in mitochondria of K. pinnata. 
Results shown are means ± SE (n= 4-5) of separate preparations. Enzyme activities are 
expressed as µmolmg-1(protein) min-1. 
 
Enzyme Leaf Mp 
NADP-ME 0.05 ± 0.01 0.096 ± 0.013
NAD-ME 0.11 ± 0.06 0.95 ± 0.09 
MDH 0.60 ± 0.10 18.49 ± 1.97 
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Table 3.3. Individual substrate oxidation in K. pinnata mitochondria. 
Assay conditions were 10 mM succinate, 1 mM NADH, 1 mM NADPH, 10 mM malate, 1 
mM TPP, 0.1 mM CoA, 0.5 mM NAD, and 0.16 mM ADP. State 3 refers to the respiration 
rate of O2 uptake in the presence of ADP; state 4 refers to the rate upon depletion of ADP. 
Respiratory control ratio (RCR) was calculated as the ratio of state 3 to state 4 rates. 
Results shown are means ± SE (n= 4-5) of separate preparations. ND, Not detectable. 
 
Respiration rate 
nmol O2 mg –1(protein) min -1 
 
Substrates 
State 3 State 4 
 
RCR 
 
ADP/O 
Succinate 
NADH 
NADPH 
Malate (pH 7.6, NAD) 
Malate (pH 7.2, glutamate, NAD ) 
Malate (pH 6.8) 
Malate (pH 6.8, CoA, NAD) 
Malate (pH 6.8, TPP) 
256 ± 30 
155 ± 41 
131 ± 23 
24 ± 7 
41 ± 8 
62 ± 16 
105 ± 11 
139 ± 25 
119 ± 26 
71 ± 14 
60 ± 32 
ND 
32 ± 6 
31 ± 11 
74 ± 9 
90 ± 23 
2.2 ± 0.4 
2.1 ± 0.5 
2.5 ± 1.0 
ND 
1.3 ± 0.3 
2.0 ± 0.5 
1.4 ± 0.4 
1.5 ± 0.2 
1.5 ± 0.4 
1.4 ± 0.3 
1.4 ± 0.4 
ND 
2.2 ± 0.1 
2.4 ± 0.3 
2.4 ± 0.2 
2.3 ± 0.2 
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oxidation was investigated under three different pH conditions; at pH 7.6, where only 
MDH was active, at pH 7.2 where both ME and MDH were active and at pH 6.8 where 
only ME was active (Agius et al., 1998, Day et al., 1988). NAD was included in all cases 
to stimulate the optimum ME and MDH activities. K. pinnata mitochondria oxidized 
malate with varied levels depending on pH assay conditions. The rates of malate oxidation 
were very low at pH 7.6, whereas they rather increased at pH 7.2 (Table 3.3). K. pinnata 
mitochondria were able to oxidize malate without any cofactors at pH 6.8; however, its rate 
was slower than that in the presence of TPP (a pyruvate dehydrogenase activator) or CoA 
(a ME activator).  Adding TPP or CoA and NAD stimulated malate oxidation via ME. 
The highest rates of malate oxidation were observed at pH 6.8 in the presence of TPP. In 
general, before adding ADP, K. pinnata mitochondria slowly oxidized malate. Upon ADP 
addition, high rates of oxygen consumption were measured. In all cases, the ADP/O ratios 
of malate oxidation were greater than 2 (Table 3.3), indicating that three proton-extrusion 
sites were utilized. 
3.3.3. Respiratory properties of K. pinnata mitochondria with the multiple substrates 
The respiratory properties with two or three substrates of succinate, NADH, 
NADPH and succinate were shown in Table 3.4. Generally, simultaneous oxidation of 
these substrates normally increased the respiration rates that were lower than the sum of 
the individual rates but higher than the individual rates, and it was more marked when 
succinate was the first substrate. The simultaneous oxidations of malate as a first substrate 
with other substrates were investigated at pH 6.8 in the presence of TPP (Table 3.4 and Fig. 
3.1) or in the presence of CoA and NAD (Table 3.5). Addition of NADPH or NADH as the 
second substrates mainly stimulated the respiration rate that was significantly higher than 
individual rate, and then addition of NADH as a third substrate did not further increase the 
simultaneous rate (Table 3.4 and Fig. 3.1). In our experiments, all  of the simultaneous  
Fig. 3.1. Effects of KCN and SHAM in the presence of rotenone on the malate oxidation 
at pH 6.8 in the presence of 1 mM TPP with other substrates. Malate and  NADH (A), 
malate and NADPH (B) and malate, NADH and NADPH (C).
Assay conditions were: 20 mM rotenone, 10 mM malate, 1 mM NADH, 1 mM NADPH, 
0.16 mM ADP (first and second adding) and 0.32 mM ADP (last adding). Numbers along 
the traces refer to nmol O2 consumed min-1 mg-1 protein.
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Table 3.4. Simultaneous substrate oxidation in K. pinnata mitochondria. 
Results shown are means ± SE (n= 4-5) of separate preparations. Assay conditions were 1 
mM NADH, 1 mM NADPH, 0.16 mM ADP, 10 mM malate at pH 6.8 in the presence of 1 
mM TPP and 10 mM succinate in the presence of 10 mM ATP.  
 
Respiration rate       
nmol O2 mg -1(protein) min -1
 
Substrates 
State 3 State 4 
 
RCR 
 
ADP/O 
Succinate + NADH 
Succinate + NADPH 
NADH + NADPH 
Malate + NADH 
Malate + NADPH 
Malate + NADPH + NADH 
364 ± 22 
329 ± 10 
231 ± 12 
249 ± 49 
204 ± 22 
216 ± 17 
202 ± 12 
218 ± 16 
112 ± 23 
181 ± 32 
128 ± 23 
139 ± 31 
1.8 ± 0.3 
1.6 ± 0.2 
2.1 ± 0.8 
1.4 ± 0.6 
1.7 ± 0.7 
1.6 ± 0.4 
1.5 ± 0.2 
1.2 ± 0.2 
1.5 ± 0.2 
1.3 ± 0.3 
1.5 ± 0.2 
1.3 ± 0.2 
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Table 3.5. Effects of KCN on individual and simultaneous substrate oxidation by K. 
pinnata mitochondria.  
Assay conditions were 10 mM succinate in the presence of 10 mM ATP, 10 mM malate at 
pH 6.8 in the presence of 0.1 mM CoA and 0.5 mM NAD, 1 mM NADH, 1 mM NADPH, 
0.32 mM ADP, and 100µM KCN. Values were presented from a typical result of four 
independent experiments. 
 
The rate of oxygen consumption in state 3 
nmol O2 mg -1(protein) min -1 
 
Substrate 
Control +100µM KCN Uninhibited rate (%) 
NADH 
NADPH 
Succinate 
Malate 
Succinate + NADH 
Succinate + NADPH 
NADH + NADPH 
Malate + NADH 
Malate + NADPH 
Malate + NADPH + NADH 
155 
131 
246 
102 
383 
328 
219 
190 
158 
206 
0 
0 
69 
27 
161 
140 
55 
88 
60 
104 
0 
0 
28 
26 
42 
43 
25 
46 
38 
50 
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oxidation of substrates gave ADP/O ratios of lower than 2, indicating that two 
proton-extrusion sites were utilized.  
3.3.4. Effect of KCN, SHAM and rotenone on oxidation of various substrates 
Figure 3.2 and Fig. 3.3 showed a range of KCN and SHAM concentrations in 
titration experiments with succinate and malate as a simple substrate, respectively. These 
oxidations were inhibited by both of individual KCN and SHAM (in methoxyethanol) as 
well as in combination of them. Succinate oxidation was uninhibited at the concentrations  
A combination of 25 µM KCN and 1 mM SHAM or opposite completely lower than  
50 µM KCN or  1 mM SHAM,  it was significantly inhibited at 0.5-2 mM SHAM or 
50-200 µM KCN and fully inhibited at 300 µM KCN or 2 mM SHAM (Fig. 3.2A, B). 
Combination of 1 mM SHAM and 100 µM KCN or 75 µM KCN and 1 mM SHAM 
completely blocked the electron transport chain (Fig. 3.1C). The effect of KCN and SHAM on 
succinate oxidation indicated that K. pinnata mitochondria possessed both of Alt and Cyt 
pathways in the electron transport chain. 
The other KCN titration experiments with malate oxidation at pH 6.8 in the 
presence of CoA and NAD showed that concentrations of KCN from 25-50 µM 
significantly inhibited the malale oxidation. This oxidation was not more significantly 
inhibited by increasing KCN up to 100 µM. However, it was near fully inhibited by 
increasing KCN up to 200 µM (Fig. 3.2A). In the presence of 25 µM KCN, the respiration 
rate of malate oxidation was about 25% of the uninhibited rate (Fig. 3.2A). Adding 100 
µM KCN and 1 mM SHAM fully inhibited this oxidation (Fig. 3.2C). At pH 6.8, malate 
oxidation with TPP (Fig. 3.4) was more sensitive to KCN than that in malate oxidation 
with CoA and NAD (Fig. 3.3). Adding 50 µM KCN inhibited 36% of the state 3 rate in 
malate oxidation with CoA and NAD, whereas this concentration of KCN near fully 
inhibited malate oxidation with TPP (Fig. 3.4A). In the presence of TPP,  
Fig. 3.2. Effects of KCN (A), SHAM (B), KCN in the presence of SHAM (C), and SHAM 
in the presence of KCN (D) on the succinate oxidation by K. pinnata mitochondria.
Assay conditions were: 10 mM succinate, 10 mM ATP, 0.16 mM ADP (first adding) and 
0.32 mM ADP (last adding). Numbers along the traces refer to nmol O2 consumed min-1
mg-1 protein.
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Fig. 3.3. Effects of rotenone (A), KCN (B) and SHAM (C) on malate oxidation at pH 6.8 in 
the presence of  0.5 mM CoA and 1 mM NAD by K. pinnata mitochondria. 
Unless otherwise indicated, concentrations were used: 10 mM malate, 0.16 mM ADP (first 
adding) and 0.32 mM ADP (last adding). Numbers along the traces refer to nmol O2
consumed min-1 mg-1 protein.
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Fig. 3.4. Effects of KCN (A), KCN and SHAM (B) and SHAM and KCN (C) on the 
malate oxidation at pH 6.8 in the presence of 1 mM TPP.
Assay conditions were: 10 mM malate, 0.16 mM ADP (first adding) and 0.32 mM
ADP (last adding). Numbers along the traces refer to nmol O2 consumed min-1 mg-1
protein.
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adding 25 µM KCN or 1 mM SHAM inhibited about 62% or 20% of the state 3 rate, 
inhibited the residual rate (Fig. 3.3B and 3.3C). NADPH and NADH oxidations were 
very sensitive to KCN. These oxidations were completely inhibited by 100 µM KCN 
(Table 3.5), whereas succinate and malate oxidations were not. 
Concomitantly with the increase in the respiration rate, an increase in the 
cyanide resistant respiration of the multiple substrate oxidations was also observed. 
Addition of 100 µM KCN fully inhibited NADH and NADPH oxidations, whereas this 
concentration inhibited about 25% of the state 3 rates in their simultaneous oxidation 
(Table 3.5). Cyanide resistant activity increased when succinate or malate at pH 6.8 with 
CoA and NAD were oxidized concurrently with the second substrate (NADH) and 
became further increase in addition of third substrate (NADPH) (Table 3.5). This result 
was similar to that in soybean mitochondria (Day et al., 1988), indicating that Alt 
pathway was not fully engaged with only one substrate. 
Effect of rotenone (the inhibitor of complex I of mitochondrial electron 
transport) on malate oxidation at pH 6.8 with CoA and NAD was shown in Fig. 3.3A. In 
this oxidation, 20 µM rotenone (in dimethyl sulphoxide) inhibited by 12% of the state 3 
rates, indicating that K. pinnata possess a rotenone-sensitive complex I in the 
mitochondrial inner membrane. In the presence of rotenone, complex I was inhibited so  
that two proton-extrusion sites were utilized during malate oxidation, leading to the 
ADP/O ratio less than 2 instead of higher than 2 as in malate oxidation without rotenone. 
The effects of rotenone on the simultaneous oxidation of malate at pH 6.8 with TPP and 
other substrates were also investigated (Fig. 3.4). Interestingly, the ADP/O ratios in 
these simultaneous oxidations were always less than 2, whereas these rates were higher 
than 2 in the individual malate oxidation at pH 6.8 with TPP (Tables 3.3 and 3.4). The  
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explanation for this phenomenon is not clear, it seemed that in these multiple oxidations 
without rotenone, the complex I was simultaneously and competitively activated with 
other substrate dehydrogenases in which latter substrate dehydrogenases were superior, 
and therefore complex I was less active; leading to the proton-extrusion complex I side 
was uncoupled. As a result, the effect of rotenone on the complex I side was not 
detected and the ADP/O ratios were observed less than two, and then adding rotenone 
did not make more important change in these ratios. Concomitantly, the increasing of 
CRR was also observed in these cases. The respiration rate of these simultaneous 
oxidations in the presence of 50 µM KCN were higher than those of the individual 
malate oxidations at pH 6.8 with TPP (Figs. 3.4 and 3.3A).  
3.4. Discussion 
Pyruvate orthophosphate dikinase (PPDK) accumulates in both the chloroplasts 
and cytosol in K. pinnata mesophyll cells. However the role of cytosolic PPDK in the 
carbon metabolism is still unclear (Kondo et al., 1998). It is possible that in K. pinnata, 
pyruvate produced from cytoplasmic malate decarboxylation is transported into the 
chloroplasts to be phosphorylated to PEP by PPDK and the ATP using ATP which 
comes from photosynthesis (Kondo et al., 1998). If the role of cytosolic PPDK was the 
same with chloroplast PPDK, a question arises to where the energy source of this 
process will come. At mitochondrial levels, our results showed that K. pinnata 
mitochondria easily oxidized external NADH and NADPH at significant rates (Table 
3.3), suggesting that in CAM phase III, NADPH produced during malate oxidation via 
cytosolic NADP-ME would be oxidized by external NADPH dehydrogenase that was 
located outside the mitochondrial inner membrane. In our study, NADH and NADPH 
oxidations were more sensitive to KCN than that with succinate and malate oxidations 
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(Table 3.5). This fits well to observation of Wiskich and Day (1982) with mitochondria 
of K. daigremontiana and cauliflower in which external NADH oxidation is largely 
cyanide-sensitive. These oxidations could produce proton gradient in concomitance 
with enough production of the ATP. In vivo, therefore, cytosol NAD(P)H oxidations 
would supply energy, ensuring that ATP/ADP ratio was maintained at high value in the 
cytosol, supplying enough energy courses which was possible to be reused for pyruvate 
phosphorylation in the cytosol to PEP by cytosolic PPDK. K. pinnata mitochondria 
possessed a large activity of NAD-ME and MDH (Table 3.2), supplying enough enzyme 
activities for mitochondrial malate metabolism. However, under in vivo conditions, we 
did not know how these enzymes contribute to malate metabolism in K. pinnata 
mitochondria and which enzyme plays an important role in the process. Thus, we have 
investigated malate oxidation under various conditions, where ME or MDH or both of 
them operated and were stimulated. The data showed that K. pinnata mitochondria 
readily oxidized malate in all of investigated assay conditions (Table 3.3), suggesting 
that both ME and MDH enzymes were involved in the mitochondrial malate oxidation.  
Previous studies suggested that cytoplasmic pH may regulate malate 
decarboxylation by CAM mitochondria (Day, 1980). At the beginning of the light phase 
of CAM plant, cytoplasmic pH was slightly alkaline (about 7.5). It dropped during the 
light phase (about 6.6-7.0), rather increased at midday (about 7.2) and recovered again 
in the late-day-to-early-dark phase (Hafke et al., 2001). A lower pH may lead to higher 
intramitochondrial substrate level in K. daigremoniana (Day, 1980). From our study, in 
all investigated malate oxidations, the low respiration rates was observed at pH 7.6, 
where only MDH was activated, while the much higher rates was observed at pH 6.8, 
where ME was activated. These rates were strongly increased in the addition of TPP to 
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malate oxidation at pH 6.8, where both ME and pyruvate dehydrogenase were activated 
(Table 3.3). It was possible that similarly as other ME type CAM plants, in the phase III 
of K. pinnata, malate was released from vacuole to cytosol, decreasing cytosplasmic pH 
and this might fit to the high capacity of malate decarboxydation at low pH in these 
mitochondria. In the presence of TPP, pyruvate dehydrogenase was operating. Under the 
activation of this enzyme, the pyruvate produced from malate oxidation via ME was 
further metabolized to TCA cycle. This process produced NADH and oxidation of this 
NADH would increase the respiration rate. Based on all these data it was possible to 
postulate that ME played a main function in mitochondrial malate metabolism of K. 
pinnata in which malate was mainly oxidized via ME to produce pyruvate and CO2 
rather than via MDH to produce OAA. 
In malate and succinate oxidations, KCN did not completely block total 
respiration rates and the CN-resistant oxygen consumption was affected by SHAM (Fig. 
3.1 and Fig. 3.2), indicating that K. pinnata mitochondria posses both Cyt pathway and 
Alt pathway in the ETC. However, the effective range of KCN with K. pinnata 
mitochondria was lower than 0.5 mM whereas this range  were 1 mM with K. 
blossfeldiana mitochondria (Rustin and Queiroz-Claret, 1985) suggesting that substrate 
oxidations by K. pinnata mitochondria was more sensitive to KCN than that with K. 
blossfeldiana mitochondria. It has been shown that the oxidation of malate via ME 
essentially proceeds through Alt pathway, whereas the oxidation of malate via MDH 
appears to be strongly linked to the Cyt pathway (Rustin et al., 1980). Our results 
indicated that in CAM phase III of K.  pinnata mitochondria, malate oxidation at pH 
6.8 in the presence of CoA and NAD showed much higher Alt pathway capacity than 
that without CoA and NAD (Table 3.5, Fig. 3.2B and 3.2C). These results suggest that 
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there was a relationship between ME activity and Alt pathway during mitochondrial 
malate oxidation and in the phase III of K. pinnata mitochondria, Alt pathway appears 
to be more active where ME operated and was stimulated. This result fits to the 
previous observation of Tsuchiya et al. (2001) in which an increase in the Alt pathway 
capacity was observed during the phase III of K. pinnata leaf respiration. It agrees also 
with the suggestion of Nose and Takashi (2001) who suggested that the cyanide resistant 
respiration plays an important role during the light phase of ME-CAM. 
In K. pinnata mitochondria, the multiple substrate oxidations lead to an 
increase in the respiration rate. This rate was higher than the individual rates but lower 
than the sum of individual rates. This result was similar to what has been described in 
cauliflower mitochondria (Day et al., 1976), Iris bulb mitochondria (Hemrika-Wagner et 
al., 1986), Arum italicum spadices (Tenreiro et al., 1992) and potato mitochondria 
(Arrabaca et al., 1992), in which presence of two or three substrates normally produced 
O2 uptake rates far in excess of those obtained with the two or three substrates separately. 
Our previous study (see chapter 2) indicated that in K. daigremontiana mitochondria, 
the simultaneous oxidation of NADH and NADPH not caused an significant increase in 
the respiration rate, however in K. pinnata mitochondria, we found that the respiration 
rates in simultaneous oxidations of NADH and NADPH were significant increased 
(Table 3.4), and addition of NAD(P)H on malate succinate oxidation also increased the 
respiration rate. These results were completely differed with K. daigremontiana 
mitochondria. The explanation for this different characteristic is unknown well. It was 
possible that in K. pinnata, the mitochondrial ETC from NAD(P)H dehydrogenases 
were not saturated with only one substrate of NADH or NADPH, so that in the 
simultaneous oxidation NADH and NADPH, the NADPH dehydrogenases may also 
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contribut their role in transporting ETC from NADH dehyrogenases to UQ, increasing 
the number electron to UQ and Alt pathway, leading to an significant increase not only 
in the respiration rate but also in Alt respiration. Similarly, in the  simultaneous 
oxidation of malate and NAD(P)H, the NAD(P)H dehydrogenases could together 
contributed their roles to catalyze substrates together with mitochondrial NAD-ME in K. 
pinnata mitochondria, leading to an significant increase in respiration rate. The 
characteristic by the additive of the individual rates in the simultaneous oxidation of two 
or three substrates indicated that the oxygen uptake of K. pinnata mitochondria was not 
saturated with one substrate. 
It has been observed also that the cooperative oxidation of two or three 
substrates enhance Alt pathway capacity, suggesting that one of the Alt pathway 
functions in the mitochondria is to provide for noncompeting oxidation of two (or more) 
substrates by employing two (or several) dehydrogenases of the respiratory chain 
(Shugaev and Vyskrebentseva, 1999). In our results, K. pinnata mitochondria also 
showed the same trend that was the simultaneous oxidation of the substrates generally 
enhancing the Alt pathway (Table 3.5 and Fig. 3.4). A combination of succinate with 
NADH or NADPH not only dramatically enhanced respiration rate but also increased 
the Alt pathway capacity (Table 3.4 and Table 3.5). This trend was even clearer when 
three substrates, malate, NADPH and NADH were oxidized (Fig. 3.4C). In these cases, 
the respiration rate was not dramatically enhanced. However the capacity of Alt 
pathway was increased. These results indicated that Alt pathway was not fully engaged 
with single substrate, suggesting that K. pinnata mitochondria employed two (or three) 
dehydrogenases in the respiratory chain and these dehydrogenases simultaneously 
functioned in the cooperative oxidation of two (or three) substrates.  
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Taking into account the results obtained with whole leaves (Kondo et al., 1998; 
Nose and Takashi 2001; and Tsuchiya et al., 2001) together with those obtained with 
isolated mitochondria in our study, it is possible to suggest that the relationship of 
malate decarboxylation in cytosol and mitochondrial matrix of K. pinnata followed a 
system as shown in Fig. 3.5. The malate, stored in the vacuole of K. pinnata during the 
night, was released to the cytoplasm, where it became a substrate for both cytosolic and 
mitochondrial ME during the day. The decarboxylation of malate in K. pinnata during 
the day was catalyzed by cytoplasmic NADP-ME, and mitochondrial MDH and 
NAD-ME. In cytosol, NADP-ME independently operated with the TCA cycle to 
produce CO2 and pyruvate. Pyruvate was transported into the chloroplasts to be further 
phosphorylated to PEP by chloroplasts PPDK or was directly phosphorylated to PEP by 
cytosol PPDK (Fig. 3.5). Malate from cytosol could also enter into the mitochondrial 
matrix and to be mainly decarboxylated by NAD-ME to produce CO2 and pyruvate. It is 
possible to suggest that there were two pyruvate metabolizing systems operating in 
tandem in K. pinnata mitochondria, depending on the pyruvate dehydrogenase activity.  
In the absence of TPP, the produced pyruvate was transported outside 
mitochondria and further phosphorylated to PEP by cytosolic or chloroplast PPDKs. In 
the presence of TPP, the pyruvate was further metabolized in the TCA cycle. In CAM 
phase III of K. pinnata, cytoplasmic malate decarboxylation mainly via cytosolic 
NADP-ME would release NADPH and this NADPH was reduced by external NADPH 
dehydrogenases which were located on the outer membrane of mitochondria. This 
process might supply sufficient energy for cytosolic PPDK activity. Concomitantly, 
mitochondrial malate decarboxylation mainly via mitochondrial NAD-ME would 
release NADH. This process and  further  NADH metabolism would connect to Alt  
Fig. 3.5. Organization of malate-oxidizing systems in  cytosol and mitochondria during 
CAM phase III of K. pinnata. 
Alt. Ox., alternative oxidase; Cyt. Ox., cytochrome oxidase,  ETC, electron transport chain.
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pathway, leading to an increase in the phase III Alt producing capacity. 
3.5. Summary 
  Kalanchoë pinnata mitochondria readily oxidized succinate, malate, NADH 
and NADPH at high rates and coupling. The highest respiration rates usually were 
observed in the presence of succinate. The high respiration rates of malate oxidation 
were observed at pH 6.8 with thiamine pyrophosphate (TPP) where both malic enzyme 
(ME) and pyruvate dehydrogenase were activated. In CAM phase III of K. pinnata 
mitochondria, both ME and malate dehydrogenase (MDH) simultaneously contributed 
to metabolism of malate. However, ME played a main function in this metabolism in 
which malate was oxidized via ME to produce pyruvate and CO2 rather than via MDH 
to produce OAA. Cooperative oxidation of two or three substrates was accompanied 
with the dramatic increase in the total respiration rates. Our results showed that the Alt 
pathway appeared to be more active in malate oxidation at pH 6.8 with CoA and NAD+ 
where ME operated and was stimulated, indicating that both ME and Alt pathway 
related to malate decarboxylation during the light. In K. pinnata mitochondria, NADH 
and NADPH oxidations were more sensitive with KCN than that with succinate and 
malate oxidations, suggesting that these oxidations engaged to cytochrome (Cyt) 
pathway rather than Alt pathway and these capacities would be desirable to supply 
enough energy for cytosol pyruvate orthophosphate dikinase (PPDK) activity.  
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Chapter 4 
Respiratory properties and malate metabolism in Percoll-purified 
mitochondria isolated from Ananas comosus (L.) Merr. cv. smooth 
cayenne (pineapple) 
 
4.1. Introduction 
Malate decarboxylation is a very important metabolism in plant mitochondria, 
especially in CAM plants in which malate is accumulated in the vacuoles at night and is 
released into cytoplasm at day. Mitochondrial malate oxidation during the day time has 
been mostly investigated with ME-CAM plants in which NAD-ME plays an important 
role to produce the pyruvate and CO2. This oxidation has been little exploited with 
mitochondria of PCK-CAM plants, except a PCK-CAM plant with relatively low PCK 
activity (Crassuala lycopodioides), that possesses NAD-ME and oxidized partially 
malate in the mitochondria, producing the pyruvate (Peckmann and Rustin, 1992). Till 
now, associated with the distinctive pathways of malate (or OAA) decarboxylation in 
cytosol of ME-CAM and PCK-CAM plants, the different properties of malate 
metabolism in mitochondria of PCK-CAM plants and the role of mitochondrion in this 
metabolism are not well known. 
Recently, A. comosus - one of the typical PCK-CAM plants - was studied by 
many researchers. Coté et al. (1989) showed that in intact plant of A. comosus, there 
appears to be no stimulation of respiratory oxygen uptake in phase III. Cuevas and 
Podestá (2000) purified a cytosolic MDH (cMDH) from leaves of A. comosus which 
plays a pivotal role in the interconversion between malate and OAA, catalyzing the 
reductive reaction during the night period, while it oxidizes malate during daytime 
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deacidification. They found that the cMDH in crude A. comosus leaf extracts was very 
active, and OAA reduction by this cMDH enormously exceeded. At any rate, assuming 
that both malate and cytosolic NAD were sufficient to saturate MDH, the enzyme’s 
Vmax will limit the maximum malate oxidation activity. Their research not only raises a 
worth questioning where cMDH is engaged in malate oxidation at daytime but also 
proposes whether mitochondrial MDH (mMDH) could be the one involved in the 
daytime conversion of malate to OAA, since the ratio of OAA reduction to malate 
oxidation in this enzyme is comparably much lower than that exhibited by A. comosus 
cMDH (Hayes et al., 1991; Cuevas and Podestá, 2000). 
Leegood and Walker (2003) indicated that in CAM plants, an increase in 
cytosolic malate at the beginning of the day is likely to increase flux through PCK by 
increasing the concentration of OAA. And they found that in leaves of PCK-CAM A. 
comosus, PCK activity increased during the light period. However, Chen et al. (2002) 
observed that OAA levels in A. comosus leaves increased during the dark period, then 
dropped dramatically to low levels during the light period. The OAA concentration in 
the cytosol of A. comosus during the daytime was varied in a range of 10-25 µM (Chen 
et al., 2002). And these values were much lower than C4 plants in which the 
concentration of cytosol OAA was about 150 µM (Leegood and Walker, 2003).  From 
these results, it seems that the low concentration of OAA in cytosol of A. comosus 
during the daytime might be limit for PCK activity during the decarboxylation phase.  
These questions prompted us to investigate mitochondrial enzyme activities 
and respiratory property with different substrates. Specifically, we concentrated on 
studying where and how A. comosus mitochondria oxidize externally added malate 
during CAM phase III. Our purpose is to find out the metabolism of mitochondrial 
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malate oxidation, the roles of the mitochondria and the relationship between 
mitochondria and cytosol in total malate metabolism during the light period of the CAM 
cycle in A. comosus.  
4.2. Materials and methods 
4.2.1. Plant materials 
Plants, Ananas comosus (L.) Merr. cv.  smooth cayenne, N 67-10, were 
propagated vegetatively and grown in plastic pots in a greenhouse with heater under 
natural light and temperature. Ten days before the experiments, the 6-8 month old plants 
were transferred to a growth chamber (KG-50 HLA, Koito Industrial Co., LTD., Japan) 
with a photoperiod of 12 h light and 12 h dark. The temperature in the growth chamber 
was maintained at 35oC during the light period and 25oC during the dark period with 
photosynthetically active radiation of 420 to 450 µmol m-2 s-1 at the top of the plant. 
Fully expanded mature leaves of A. comosus were used for mitochondrial isolation. The 
leaves were harvested at 6 to 7 h after the beginning of the light period. The harvested 
leaves were transported to the laboratory, rinsed thoroughly with distilled water and 
used for isolating of mitochondria.  
4.2.2. Isolation of mitochondria  
The mitochondria were isolated according to the method of Day (1980) with 
slight modifications. Approximately 65 g leaves were used for each experiment. The 
middle part of leaves was sliced into 0.5-cm-thick strips and homogenized with 150 mL 
of ice-cold isolation buffer [350 mM manitol, 250 mM sucrose, 0.1% (w/v) bovine 
serum albumin (BSA), 1% (w/v) PVP-40, 5 mM KH2PO4, 5 mM EDTA-KOH (pH 7.4), 
1 mM dithiothreitol (DTT) and 50 mM HEPES-KOH (pH 7.4)] in a Waring blender 
(National MX-X1, Japan) for 90 seconds with rather strong stirring. After filtration 
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through four layers of sterile Miracloth (Calbiochem-Novabiochem, La Jolla, CA, USA), 
the homogenate was centrifuged at 300 g (Tomy CX-250 refrigerated centrifuge, Japan) 
for 5 min. The resulting supernatant was centrifuged at 10,000 g for 15 min. The pellets 
were resuspended in approximately 10 mL of wash buffer 1 [400 mM sucrose, 5 mM 
KH2PO4, 5 mM EDTA-KOH (pH 7.4), and 50 mM HEPES-KOH (pH 7.4)] and then 
centrifuged at 500 g for 5 min. The supernatant was resuspended in 10 mL of wash 
buffer 2 [600 mM sucrose, 5 mM KH2PO4, 5 mM EDTA-KOH (pH 7.4), and 50 mM 
HEPES-KOH (pH 7.4)] and centrifuged at 6,000 g for 20 min to collect mitochondria. 
The pellets were resuspended in 2.5 mL of wash buffer 1 and then further purified in 16 
mL of wash buffer 3 [400 mM sucrose, 0.1% (w/v) BSA, 5 mM KH2PO4, 5 mM 
EDTA-KOH (pH 7.4), 50 mM HEPES-KOH (pH 7.4), and 27% Percoll] by 
centrifugation at 52,600 g (P28S rotor, CP75β ultracentrifuge, Hitachi Koki Co., Ltd, 
Japan) for 30 min at 4oC. The mitochondria were found in a band in the lower half of 
the centrifuge tube, and were removed from the gradient by pipette. The mitochondria 
were resuspended in 40 mL of wash buffer 1 and collected by centrifuging at 12,000 g 
for 10 min. Finally, the pellets were resuspended in 1 mL of the buffer contained 400 
mM sucrose, 0.1% BSA and 40 mM HEPES-KOH (pH 7.4).  
4.2.3. Oxygen uptake and protein determination 
Oxygen consumption was measured using an oxygen electrode (Rank Brothers 
England) at 25oC in 2 mL of reaction medium (300 mM mannitol, 10 mM KH2PO4, 5 
mM MgCl2, 10 mM KCl, 100 mM HEPES-KOH) and pH was adjusted from 6.8 to 7.8 
with 3 mM KOH. The mitochondria were preincubated with 0.16 mM ATP for 2 min to 
ensure full activation of succinate dehydrogenase before each assay with succinate 
oxidation. NADH and NADPH oxidations were investigated at pH 6.8 with and without 
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Ca2+. RCR and ADP/O ratios value were calculated according to Estabrook (1967). The 
O2 concentration in air-saturated medium was taken as 258 µM. The protein content was 
measured by the method of Bradford (1976) using BSA as the standard.  
4.2.4. Enzyme assays   
The Percoll-purified mitochondria were filtered at room temperature on a 
column of Sephadex G-25 (PD-10 column, Pharmacia Biotech AB Uppsala Sweden) 
equilibrated with the suspending buffer [400 mM sucrose, 0.1% BSA and 40 mM 
HEPES-KOH (pH 7.4)], and then the mitochondria were collected for doing enzyme 
assays.  
Activities of cytochrome C oxidase (COX, EC 1.9.3.1), and 
phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31), and initial activity of ribulose 
1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) were measured in both 
of Percoll-purified mitochondria and leaf extract according to Møller and Palmer (1982), 
and Shaheen et al. (2002), and Du et al. (1996), respectively. 
  Malate dehydrogenase (MDH, L-malate: NAD oxidoreductase, EC 1.1.1.37) 
was assayed spectrophotometrically at 340 nm in the OAA-reducing direction in a 
medium of 100 mM HEPES-KOH (pH 7.4), 10 mM KH2PO4, 0.3 M mannitol, 5 mM 
MgCl2, 10 mM KCl, 0.1% (w/v) BSA, 0.2 mM KCN, 0.1% (v/v) Triton X-100, and 200 
µM NADH. The reaction was started by adding 600 µM OAA. Malate-oxidizing 
reaction was assayed in 2 mL medium of 100 mM HEPES-KOH (pH 7.4), 10 mM 
KH2PO4, 0.3 M mannitol, 5 mM MgCl2, 10 mM KCl, 0.1% (w/v) defatted BSA, 0.1% 
(v/v) Triton X-100, 30 mM malate, 2 mM NAD and 50 mM glutamate. The reaction 
was started by adding 10 units of glutamate-oxaloacetate transaminase (GOT, EC 
2.6.1.1).  
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NAD-ME was assayed in 2 mL medium of 50 mM HEPES-KOH (pH 7.4) 
containing 2 mM MnCl2, 4 mM DTT, 0.1% (v/v) Triton X-100, 10 mM CoA, 1 µM 
antimycin A, 500 µM propylgallate, 2 mM NAD. NADP-ME was assayed in 2 mL 
medium of 50 mM HEPES-KOH (pH 8), 10 mM MgCl2, 5 mM dithiothreitol, 1 µM 
antimycin A, 500 µM propylgallate, 0.1% (v/v) Triton X-100, 2.5 mM EDTA and 0.5 
mM NADP. The reaction for NAD-ME and NADP-ME was started by adding 10 mM 
malate (pH 6.8). Measurements were made spectrophotometrically at 30°C by following 
the absorbance increase at 340 nm due to NAD or NADP reduction.  
GOT was assayed according to Bergmeyer (1983), and OAA appearance outside 
mitochondria was assayed basically as described by Pastore et al. (2003).  
4.3. Results 
4.3.1. Purity of mitochondria 
PEPC and Rubisco were localized unambiguously in the cytosol and 
chloroplast, respectively of A. comosus mesophyll cells (Kondo et al., 1998), so that 
their activities can be used as the indicators of mitochondrial purity. In A. comosus 
mitochondria, the specific activity of Rubisco was null and PEPC was approximate 
1.7% of that in A. comosus cytosol (Table 4.1). These results indicated that the 
mitochondria solutions did not contain chloroplast components and the cytosol 
contamination of the mitochondria was rather low. The MDH activity in mitochondria 
before the lysis with Triton X-100 was approximately 5% of that after lysis. The COX 
activity was 18 times higher in mitochondria than in leaf extract on a protein basis 
(Table 4.1). These results indicated that the intactness of inner and outer mitochondrial  
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Table 4.1. Rubisco, PEPC and Cyt. C oxidase activities in leaf extract and 
Percoll-purified A. comosus mitochondria.  
Results shown are means ± SE (n= 4-5) of separate preparations. ND, Not 
detectable. Rubisco showed initial activity. RuBP was purchased from Roche 
Diagnostics GmbH Mannheim.  
 
 
 
 
 
 
 
 
Enzyme Leaf  Mitochondria  
 nmol min-1 mg-1 protein nmol min-1 mg-1 protein 
PEPC (EC 4.1.1.31) 240 ± 13 4 ±1 
Rubisco (EC 4.1.1.39) 120 ± 10 ND 
Cyt. C oxidase (EC 1.9.3.1) 47 ± 4 860 ± 38 
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membrane was acceptable and the preparation reflected specifically mitochondria 
property.  
4.3.2. Enzyme activities 
Activities of NAD-ME, NADP-ME, MDH and GOT were detected in       
A. comosus mitochondria. MDH activity was very high; in contrast, NAD-ME activity 
was much lower. Although ME was the predominantly NAD-ME, some NADP-ME was 
also detected in A. comosus mitochondria (Table 4.2). The activities of NAD-ME and 
MDH in A. comosus mitochondria were different from the results in mitochondria of 
potato tuber and pea leaf in which MDH activity with NAD was about 3 times less, and 
NAD-ME activity was about 5-6 folds higher than those in A. comosus mitochondria 
(Agius et al., 1998). In A. comosus mitochondria, MDH activity was about 69 µmol 
min-1 mg-1 protein (Table 4.2) and this value was much higher than that of Kalanchoë 
blosssfeldiana (11.5 µmol min-1  mg-1  protein), (Rustin and Lance, 1986). The 
NAD-ME activity in A. comosus mitochondria was about 0.11 µmol min-1 mg-1 
protein. This rate was not only lower than that in mitochondria of ME-CAM species as 
Aptenia codifolia (1.29 µmol min-1 mg-1 protein), and Prenia sladeniana (0.46 µmol 
min-1 mg-1 protein) but also lower than that in mitochondria of PCK-CAM species as 
Crassula lycopodioides (0.20 µmol min-1 mg-1 protein) (Peckmann and Rustin, 1992). 
Under the same assay conditions, these results were also different from those in our 
concurrent studies with mitochondria of K. daigremontiana and K. pinnata (Hong et al., 
2004a, 2005a) which possessed the higher NAD-ME and lower MDH activities than 
those of A. comosus (Table 4.2) 
4.3.3. Respiratory properties of A. comosus mitochondria 
Figure 4.1 shows typical electrode traces of succinate, NADH and NADPH  
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Table 4.2. The comparison of enzyme activities in A. comosus mitochondria with 
mitochondria of K. daigremontiana and K. pinnata.  
Data are measured under exactly the same experimental conditions. Results shown are 
means ± SE (n= 4-5) of separate preparations. NM, not measured. 
 
µmol/mg protein/min  
Enzyme A. comosus K.  daigremontiana K.  pinnata 
MDH (EC 1.1.1.37) in malate oxidation 
MDH (EC 1.1.1.37) in OAA reduction 
NAD-ME (EC 1.1.1.39) 
NADP-ME (EC 1.1.1.40) 
GOT (EC 2.6.1.1) 
0.92 ± 0.04 
69 ± 17 
0.11 ± 0.02 
0.050 ± 0.003 
0.29 ± 0.3 
NM 
16 ± 1.6 
0.66 ± 0.47 
0.067 ± 0.023 
NM 
NM 
18.49 ± 1.97 
0.95 ± 0.09 
0.096 ± 0.013 
NM 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1. Respiratory properties of A. comosus mitochondria with 10 mM succinate
(A), 1 mM NADH (B), 2 mM NADPH (C) and 2 mM NADPH with 1 mM Ca2+ (D). 
Unless otherwise indicated, assay conditions were: 0.16 mM ADP, 10 mM ATP.
Numbers along the traces refer to nmol O2 consumed min-1 mg-1 protein. Mp, purified 
mitochondria. RCR, respiratory control rate. 
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oxidations in A. comosus mitochondria. The mitochondria readily oxidized succinate 
and NADH with the respiratory control rates (RCR) and ADP/O ratios typical of these 
substrates in CAM mitochondria (Arron et al., 1979, Rustin and Queiroz-Claret, 1985).  
The ADP/O ratios in these oxidations by A. comosus mitochondria were less 
than 2, indicating that these oxidations were coupled with two proton-extrusion sites. A. 
comosus mitochondria oxidized succinate with the rate of 232 nmol O2 min-1 mg-1 
protein (Fig. 4.1A), this rate was rather less than that of K. pinnata mitochondria (256 
nmol) (Table 4.3, chapter 3, Hong et al., 2005a) but it much higher than that of other 
ME-CAM mitochondria as K. blosssfeldiana (93 nmol) (Rustin and Queiroz-Claret, 
1985), K. fedtschenkoi (14.8 nmol) (Cook et al., 1995), and K. daigremontiana (142 
nmol) (Hong et al., 2004a). In the same assay conditions, A. comosus mitochondria 
readily oxidized NADH without Ca2+ but not NADPH (Fig. 4.1B and 4.1C). The 
NADPH oxidation was also not detected in the absence of Ca2+ when NADPH 
concentrations were increased (data not shown); however, the NADPH was rapidly 
oxidized with gradually increasing rates in supplementing of 1 mM Ca2+ with an 
apparent Km was about 0.39 mM and Vmax was about 121nmol O2 min-1mg-1 protein  
(Fig. 4.2). In the presence of 1 mM Ca2+, the NADH oxidation was stimulated about 
32.6% whereas the NADPH oxidation was strongly stimulated (Table 4.3). The NADH 
oxidation was inhibited 70% by 1 mM EGTA while 1 mM EGTA completely inhibited 
the NADPH oxidation.  
Malate oxidation was investigated under three different pH conditions, at pH 
6.8, 7.2 and 7.6 where only ME, both ME and MDH and only MDH were activated, 
respectively (Agius et al., 1998, Day et al., 1988). The results showed that A. comosus 
mitochondria oxidized malate with low rates under most of the assay conditions (Figs.  
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Table 4.3. Effect of Ca2+ on external NAD(P)H oxidation 
NAD(P)H oxidation was determined in an oxygen electrode in assay medium pH 6.8 
(see Material and Method), using NAD(P)H at a final concentration of 1 mM, 1 mM 
Ca2+ and 1 mM EGTA. ND, Not detectable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Experiments 
NADH oxidation      NADPH oxidation 
nmol  min-1 mg-1 protein 
Control 
1 mM Ca2+ 
EGTA 
141 ± 16                 ND 
187 ± 13                93 ± 9 
 42 ± 11                  ND 
Fig. 4.2. Effects of NADPH concentrations on state 3 in NADPH oxidation 
with 1 mM Ca2+ by A. comosus mitochondria. 
Other conditions were as shown in the Fig. 4.1D.
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Fig. 4.3. Malate oxidation at pH 6.8 with CoA (A), CoA and TPP (B), and 
CoA, TPP and NAD (C). 
Unless otherwise indicated, assay conditions were: 0.16 mM ADP, 0.1 mM
CoA, 1.5 mM TPP and 0.5 mM NAD. Numbers along the traces refer to nmol
O2 consumed min-1 mg-1 protein. 
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Fig. 4.4. Malate oxidation at pH 7.2 with malate (A), malate and NAD (B), 
malate and glutamate (C), and malate, CoA, TPP and NAD (D). 
Unless otherwise indicated, assay conditions were: 0.16 mM ADP, 1.5 mM TPP, 
0.1 mM CoA, 0.5 mM NAD and 10 mM glutamate. Numbers along the traces 
refer to nmol O2 consumed min-1 mg-1 protein. 
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4.3, 4.4 and 4.5). These results not only differed from previous results in mitochondria 
of ME-CAM species as K. blossfeldiana (Rustin and Queiroz-Claret, 1985) and Sedum 
praealtum (Arron et al., 1979) but also differed from our concurrent results under 
exactly the same assay conditions in K. daigremontiana and K. pinnata (Hong et al., 
2004a,b; also see chapter 2,3). All of these ME-CAM species readily oxidized malate 
without cofactors with the respiration rate about 114, 90, 75 and 62 nmol min-1 mg-1 
protein, respectively, but A. comosus did not. A. comosus mitochondria oxidized malate 
in the absence of cofactors with very low rates, even at pH 7.2 where both ME and 
MDH were activated and together contributed their roles in malate oxidation (16 nmol 
O2 min-1 mg-1 protein) (Fig. 4.4A). For this reason, in the experiments on oxygen uptake 
with malate as a substrate, we always added NADH as a second substrate after 
measuring the malate oxidation to confirm the quality of the mitochondria and make 
sure their right property to oxidize malate. The respiration rates with malate as a single 
substrate were extremely low; however they increased drastically by addition of NADH 
(Fig. 4.3, Fig. 4.4 and Fig. 4.5). These results confirmed that the quality of the 
mitochondria was acceptable and in fact, the mitochondria oxidized malate with the low 
rate under the assay conditions. It has been well known that malate oxidation via ME 
was stimulated by adding some cofactors such as coenzyme A (CoA: an ME activator), 
thiamine pyrophosphate (TPP: a pyruvate dehydrogenase activator) and NAD, whereas 
malate oxidation via MDH was stimulated by adding of NAD or glutamate. Exogenous 
NAD stimulated the malate oxidation via both ME and MDH (Tobin et al., 1980; 
Rasmusson and Møller, 1990). In A. comosus mitochondria, at pH 6.8 where ME was 
strongly activated and malate was oxidized mainly via ME, additions of CoA (Fig. 
4.3A), or TPP (Fig. 4.3B), or NAD together with CoA and TPP (Fig. 4.3C) did not 
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significantly stimulate this malate oxidation. These results not only differed from  
mitochondria of PCK-CAM species as Crassula lycopodioides in which adding CoA 
and TPP stimulated malate oxidation (Peckmann and Rustin, 1992), but also differed 
from mitochondria of ME-CAM species as K. daigremontiana in which adding TPP 
considerably increased the respiration rate of this oxidation (Wiskich and Day, 1982). 
The increase in malate concentrations also did not further stimulate malate oxidation 
(Fig. 4.3B). At pH 7.2, supplying NAD to malate oxidation considerably increased the 
respiration rate in K. blosssfeldiana mitochondria (Rustin and Queiroz-Claret, 1985) 
whereas in A. comosus mitochondria did not (Fig. 4.4B). In malate oxidation at pH 7.2, 
addition of glutamate to remove OAA by transamination (Fig. 4.4C), or addition of CoA, 
TPP and NAD (Fig. 4.4D) to optimum ME and MDH activities still did not increase the 
respiration rates. At pH 7.6 where MDH was mainly activated and malate oxidation was 
mostly operated via MDH, malate was oxidized with rather higher rates than those of 
the same oxidation at pH 6.8 or 7.2, however these rates were still much lower than 
those in other substrate oxidations (Fig. 4.5A). Adding NAD to malate oxidation at pH 
7.6 slightly increased the respiration rates (Fig. 4.5B). Addition of glutamate significant 
stimulated malate oxidation with mitochondria of K. daigremontiana (Wiskich and Day, 
1982), but not with A. comosus (Fig. 4.5C). However, when we provided a 
transamination system outside mitochondria by adding of both glutamate and GOT to 
respiratory medium, malate oxidation was stimulated, and thereafter, addition of NADH 
on these oxidations gave much higher rate than that without glutamate and GOT (Fig 
4.5A-C). This stimulation was more clearly detected in Fig. 4.5D where both glutamate 
and GOT were supplied just after adding malate. 
In our study,  the appearance of OAA outside the mitochondria was clearly  
Fig. 4.5. Malate oxidation at pH 7.6 with malate (A), malate and NAD (B), malate and 
glutamate (C), and malate with glutamate and GOT (D). 
Unless otherwise indicated, assay conditions were: 0.16 mM ADP, 0.5 mM NAD, 10 
units GOT and 10 mM glutamate. Numbers along the traces refer to nmol O2 consumed 
min-1 mg-1 protein. 
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was prevented by EDTA and EGTA, and the appearance of OAA outside mitochondria 
was monitor by using the OAA detecting system consisting of 0.2 mM NADH plus 0.5 
units MDH (Pastore et al., 2003). Under in vitro assay condition, NADH was observed 
to be rapidly oxidized by A. comosus mitochondria (Fig. 4.1B) and this oxidation was 
inhibited about 70% by 1 mM EGTA (Table 4.3). Under the experimental condition as 
described in Fig. 4.6, addition of a larger amount of 10mM EDTA and 10 mM EGTA 
strongly inhibited the external NADH dehydrogenase, then addition of both MDH and 
malate caused the clearly decreasing in absorbance of spectrophotometer (Fig. 4.6B), 
whereas a such similar decrease did not observe in individual adding MDH without 
malate (Fig. 4.6A). NADH oxidation in the presence of EDTA and EGTA before and 
after adding MDH and malate were about 73 ± 19 and 297 ± 48 nmol NADH min-1 mg-1 
protein, respectively, indicating that OAA was being exported outside of A. comosus 
mitochondria.  
It had been indicating that OAA, the product of MDH activity, was also a 
strong inhibitor of several Krebs cycle dehydrogenases (Rustin et al., 1980). This 
tendency was also detected in A. comosus mitochondria (Fig. 4.7). The addition of 
external OAA inhibited succinate oxidation. The inhibition levels varied depending on 
OAA concentrations and they were rapidly overcome by adding exogenous NADH. The  
inhibition and recover of sucinate oxidation while providing external OAA and NADH 
to the respiration medium were near similar with that in cauliflower mitochondria 
(Rustin et al., 1980). Furthermore, A. comosus mitochondria also showed GOT activity 
(Table 4.2) with near similar amount of that in soybean cotyledon mitochondria (Day et 
al., 1988). GOT was well known as a catalyst for the reversible reaction of glutamate 
and OAA to α-KG and Asp, however  the  mitochondria did not readily oxidize Asp  
Fig. 4.6. The OAA appearance outside A. comosus mitochondria. Experiment was 
assayed according to Pastore et al. (2003). 
Mitochondria was incubated at 25℃ in 2 mL of reaction medium; addition was also 
made of 0.2 mM NADH plus 10 mM EGTA and 10 mM EDTA for inhibiting the 
external NADH dehydrogenase. The reaction was started by adding 0.5 units MDH 
without malate for reference cuvette (A), and 0.5 EU MDH with 10 mM malate (pH 
7.2) for assay cuvette (B). The measurement was followed by the decrease in 
absorbance at A340 nm using spectrophotometer (JASCO V-550 UV/VIS, Japan). 
MDH 73 nmol NADH min-1 mg-1 protein
A Without malate
MDH, malate
B With malate
297 nmol NADH min-1 mg-1 protein 
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(Fig. 4.8A) and simultaneous addition of α-KG and malate did not increase the 
respiration rates (Fig. 4.8D). From these observations, it seemed the mitochondrial OAA 
must be transaminated or decarboxylated in the cytosol via malate-OAA shuttle in order 
to maximize malate dependent respiration (Fig. 4.9).  
4.4. Discussion 
 We found that A. comosus mitochondria readily oxidized NADH with the high 
rates and coupling (Fig. 4.1A) similarly as mitochondria of ME-CAM species (Arron et 
al., 1979; Rustin and Queiroz-Claret, 1985; Hong et al., 2004a, 2005a), except that 
mitochondria of these ME-CAM species readily oxidized NADPH without Ca2+. A. 
comosus mitochondria only oxidized NADPH with significant rates and coupling in the 
presence of high Ca2+concentration (Fig. 4.1D). Our results suggest that similarly as 
other plant (Møller, 2002), NADH and NADPH oxidations in A. comosus mitochondria 
were due to two separate external NADH and NADPH dehydrogenases respectively, in 
addition external NADPH dehydrogenase activity in A. comosus was strictly required 
Ca2+ than that of NADH dehydrogenase (Fig. 4.1C, Fig. 4.2 and Table 4.3). 
 The main finding of our study was that A. comosus mitochondria oxidized 
malate with different way from mitochondria of ME-CAM plants. Mitochondria of 
ME-CAM plants as Sedum praealtum (Arron et al., 1979), K. blossfeldiana (Rustin and 
Queiroz-Claret, 1985), K. fedtschenkoi (Cook et al., 1995), K. daigremontiana (Hong et 
al., 2004a) and K. pinnata (Hong et al., 2005a) usually oxidized succinate and malate 
with rather similar rates. However, A. comosus mitochondria rapidly oxidized succinate 
while they poorly oxidized malate. The mitochondria showed low rates of malate 
oxidation under most of the assay conditions, unless supplied both external glutamate 
and GOT (Fig. 4.5D). The  optimization  of the enzyme activities by changing pH, 
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Fig. 4.7. The import of externally added OAA in A. comosus mitochondrial 
matrix to inhibit the succinate oxidation. 
Unless otherwise indicated, concentrations used were: 10 mM succinate, 10 
mM ATP, and 0.16 mM ADP. Numbers along the trace refer to nmol O2
consumed min-1 mg-1 protein. 
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Fig. 4.8. Aspartate oxidation (A), α-ketoglutarate oxidation (B), α-ketoglutarate
oxidation in the presence of CoA, TPP and NAD (C), and malate oxidation with α-
ketoglutarate (D). Assay conditions were: 10 mM aspartate, 10 mM α-ketoglutarate, 
10 mM succinate, 0.16 mM ADP, 1.5 mM TPP, 0.1 mM CoA, 0.5 mM NAD. 
Numbers along the traces refer to nmol O2 consumed min-1 mg-1 protein. 
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providing cofactors and supplementing glutamate to remove OAA also did not stimulate 
malate oxidation. These results suggest that the respiration of A. comosus mitochondria 
during CAM phase III was low dependent on malate. Furthermore, individual addition 
of external glutamate, Asp or α-KG with or without the cofactors, and addition of both 
α-KG plus malate did not increase the rates of oxygen consumption (Fig. 4.8), 
indicating that mitochondrial malate oxidation was operated neither via MDH or ME as 
usual nor via malate/aspartate shuttle. 
 Cuevas and Podestá (2000) found in the crude extract of A. comosus leaf, the 
reaction of OAA reduction by cMDH was much faster than the malate oxidation and the 
purified cMDH seemed to carry out both reactions of OAA reduction and malate 
oxidation. Concomitantly, we found that A. comosus mitochondria showed very high 
mMDH and low mME activities. In A. comosus mitochondria, the rate of OAA 
reduction was calculated about 75 folds faster than the malate oxidation (Table 4.2). We 
also found that the OAA could export out (Fig. 4.6) and import in (Fig. 4.7) of the 
mitochondrial inner membrane. Thus, the occurrence of high cMDH and mMDH 
together with the mitochondrial permeability to both of malate and OAA could allow 
the operation of a malate-OAA shuttle in inner membrane of A. comosus mitochondria.  
Normally, the OAA uptake system in plant mitochondria has a high affinity for 
OAA. The OAA carrier in plant mitochondria usually has low Km, for example, the Km 
value for the uptake OAA into potato tubers mitochondria was 0.18 mM (Hanning et al., 
1999). Thus, the low Km value of the OAA carrier allows it to compete successfully 
with cytosolic or matrix malate dehydrogenase (Douce and Neuburger, 1997). In A. 
comosus mitochondria, addition of external 0.2 mM OAA completely inhibited 
succinate oxidation (Fig. 4.7), indicating the mitochondria easily uptake OAA, and with 
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a small amount of OAA was sufficient to cause a significant effect on the rates of 
oxygen consumption. The mitochondria also exported out the OAA (Fig. 4.6), and did 
not consume α-KG and Asp (Fig. 8). These results completely differed with K. 
daigremontiana mitochondria, which can oxidize α-KG and Asp with significant rates 
(Day, 1980). Furthermore, in K. daigremontiana mitochondria, the respiratory chain can 
be passed by supplying Asp and α-KG with malate, and transamination of Asp provided 
an internal source of OAA, but not external OAA. The Asp and α-KG system may be 
important in K. daigremontiana when respiratory chain activity is restricted by energy 
charge (Day, 1980). In contrast, it seemed that Asp and α-KG did not contribute their 
role in malate metabolism of A. comosus mitochondria. Therefore, the increasing rate of 
oxygen consumption where the mitochondria was supplied externaly with both 
glutamate and GOT was attributable to stimulation of OAA efflux from the 
mitochondria by the external GOT. The GOT consumed OAA by transamination in the 
presence of glutamate to form Asp and α-KG, thereby stimulating malate uptake into the 
mitochondria. As a result, the OAA removing, malate oxidation stimulating and the 
formed NADH oxidizing increased the respiration rates. The uptake OAA system was 
clearly detected in the A. comosus mitochondria and the activity of mitochondrial GOT 
was also present at the significant rates, however, adding the external glutamate to the 
suspension of A. comosus mitochondria did not cause an increase in the oxygen 
consumption. Therefore, it is not clear whether the matrix of A. comosus mitochondria 
could further contribute in the in vivo system for removing the OAA to synthesize Asp 
from glutamate similarly as described with other to plant mitochondria by Siedow and 
Day (2000).  
 Based on our results together with previous results obtained with intact leaves 
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(Cuevas and Podestá, 2000; Chen et al., 2002; Leegood and Walker, 2003), it is possible 
suggest a scheme summarizing of the total malate metabolism in both cytosol and 
mitochondrion could occur during the decarboxylation phase of CAM rhythm for A. 
comosus (Fig. 4.9). In this phase, malate was mainly oxidized in cytosol to produce 
OAA via cMDH. The PCK converted OAA to PEP and CO2. The malate could also 
import from cytosol to the mitochondria by the shuttle. In mitochondrial matrix, malate 
could be mainly catalyzed by very high mMDH to form the OAA. Also, the ME was 
present at low levels in A. comosus mitochondria, hence a little malate could be 
oxidized by low mitochondrial ME to produce pyruvate and CO2. The OAA formed by  
mMDH could export outside the mitochondria via the malate-OAA shuttle (Fig. 4.9).  
 The operation of the shuttle and the capacity of the OAA reversible exchange 
in the inner membrane of A. comosus mitochondria made them likely as a link between 
the mitochondrion and cytosol in total malate metabolism during the decarboxylation 
phase. While the details of the carbon flow through the cMDH in A. comosus during 
CAM phase III awaits further study, a possible suggestion for the shuttle metabolism in 
A. comosus mitochondria during decarboxylation phase was that under the conditions 
where cMDH activity was insufficient to supply OAA at the required rates for the PCK 
activity, the mitochondrial malate oxidation could produce OAA and export the OAA to 
cytosol via the shuttle. The exported OAA could become the available substrate for 
PCK activity to decarboxylate and PEP synthesis. By contrast, when OAA in the cytosol 
was exceed the required amount for the PCK activity, the cytosolic OAA could be 
uptake into the mitochondria.  
 Lea et al. (2001) suggest that PCK may play a key role in both amino acid in 
C4 plants and carbohydrate metabolism in CAM plants. Our results also exposed that  
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under the experimental condition where both glutamate and GOT were present, the 
exported OAA from A. comosus mitochondria could convert to form Asp and α-KG. 
Thus, it seems that the export OAA system in A. comosus mitochondria could play a 
physiological role in amino acid metabolism, but this function also is remained as the 
future study.  
Hoefnagel et al. (1998) showed that plant mitochondria have a greater capacity 
for ATP synthesis than the photophosphorylation in chloroplast due to an ATP/ADP 
translocator. Chloroplasts exhibit a far lower capacity for ATP export than mitochondria, 
thus in deed mitochondria maintains most of the cytosolic ATP pool. From our study, it 
is possible to suggest that the malate-OAA shuttle in A. comosus mitochondria may also 
contribute their role in the cytosolic ATP pool. By this shuttle, mitochondrial malate 
metabolism possibility provided the reducing equivalents for mitochondria ATP 
synthesis to support the cytosolic PCK reaction in decarboxylation phase.  
 Additionally, cytosolic PEP in A. comosus could be catalyzed by 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to form 3-phosphoglycerate 
(3-PGA) in a reaction that consumed one NADH similarly as other PCK-CAM plants 
(Winter and Smith, 1996). The 3-PGA was further contributed in sucrose synthesis via 
gluconeogenesis. The NADH formed by cytosolic malate oxidation could also be used 
for the reductive step (GAPDH) in the gluconeogenesis or directly oxidize via external 
NADH dehydrogenases in A. comosus (Fig. 4.9). This point also is an interesting topic 
of an energy metabolism in CAM future study. 
 As a temporal conclusion in this study, the malate-OAA shuttle in A. comosus 
mitochondria might operate as a supporting system for mitochondrion and cytosol in 
controlling and regulating malate metabolism to supply OAA for PCK activity during  
Fig. 4.9. Organization of malate-oxidizing system in A. comosus mitochondria. 
Alt.Ox., alternative oxidase; Cyt.Ox., cytochrome oxidase; GOT, glutamate-
oxaloacetate transaminase; OAA, oxaloacetic acid; KG, α-ketoglutarate; Asp, 
aspartate; 3-PGA, 3-phosphoglycerate; 1,3-DPGA, 1,3-diphosphoglycerate; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; ETC, electron transport chain.
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the decarboxylation phase of PCK-CAM plant. In other words, the MDH on either side 
of the mitochondrial membrane are linked by this shuttle in daytime conversion of 
malate to OAA during the decarboxylation phase. In addition, it seems that A. comosus 
mitochondria not only support ATP for cytosolic PCK activity but also contribute in 
supplying the substrate OAA for PCK activity during the decarboxylation phase of the 
daytime and for Asp synthesis in the cytosol.   
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4. 5. Summary 
 We mainly investigated respiratory property and the role of the mitochondria 
isolated from one phosphoenolpyruvate carboxykinase (PCK)-CAM plant A. comosus in 
malate metabolism during CAM phase III. A. comosus mitochondria showed very high 
malate dehydrogenase (MDH), low malic enzyme (ME) and glutamate-oxaloacetate 
transaminase (GOT) activities. The mitochondria readily oxidized succinate and NADH 
with the high rates and coupling while they only oxidized NADPH in the presence of 
Ca2+. A. comosus mitochondria oxidized malate with low rates under most assay 
conditions despite increasing malate concentrations, optimizing pH, providing cofactors 
as coenzyme A, thiamine pyrophosphate, NAD, and supplying individually external 
glutamate or GOT, however providing simultaneously glutamate and GOT strongly 
increased the rates of malate oxidation. The OAA easily permeated mitochondrial 
membranes to import into or export outside of A. comosus mitochondria during malate 
oxidation, but the mitochondria did not consume external Asp and α-KG. These results 
suggest that OAA played a significant role in mitochondrial malate metabolism of A. 
comosus in which malate was mainly oxidized by active mMDH to produce OAA that 
could export outside the mitochondria via a malate-OAA shuttle. Then, cytosolic GOT 
consumed OAA by transamination in the presence of glutamate, leading to a large 
increase in the respiration rates. The malate-OAA shuttle might operate as a supporting 
system for decarboxylation in phase III of PCK-CAM A. comosus. This shuttle system 
may be important in A. comosus to provide source of energy and substrate OAA for 
cytosolic PCK activity during the daytime when cytosolic OAA and ATP was limited for 
overall decarboxylation process. 
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Chapter 5 
Effects of KCN, SHAM and oxygen concentrations on respiratory 
properties of Percoll-purified mitochondria isolated from Ananas 
comosus (Pineapple) and Kalanchoë daigremontiana 
 
5.1. Introduction 
Mitochondrial electron transport in higher plant can proceed by the 
phosphorylating cytochrome (Cyt) pathway or by the largely nonphosphorylating 
alternative (Alt) pathway (Robinson et al., 1992). The Cyt pathway is the major route for 
accomplishing ATP-synthesis through oxidative phosphorylation, while the ATP 
formation through Alt pathway is much limited (Siedow and Umbach, 1995). Cyt 
pathway is inhibited by KCN, while Alt pathway is inhibited by SHAM (Siedow and Day, 
2000). In plant mitochondria, it has been reported that Alt pathway were relatively high 
with tricarboxylic acid cycle (TCA) derived substrates (succinate, malate, pyruvate) and 
lower or even absent with exogenous NADH as a substrate (Hemrika-Wagner et al., 
1986). In mitochondria of Petunia hybrida cells, potato tuber callus or Iris bulbs, a 
combination of NADH and succinate increased the cyanide resistant respiration which is 
about the sum of the rates with the substrates added separately (Hemrika-Wagner et al., 
1986). In addition, Shugaev and Vyskrebentseva (2001) have been observed that 
cooperative oxidation of succinate and NADH by mitochondria of castor bean hypocotyls 
was accompanied with the dramatic increase in the rate of oxygen consumption, with 
completely additive oxidation rates for the individual substrates. Similar result was also 
observed in mitochondria of K. pinnata (Hong et al., 2005a), but these results have never 
been reported in mitochondria of PCK-CAM species.  
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Generally, the activities of Alt and Cyt pathways involved directly in two 
terminal Alt oxidase (AOX) and Cyt oxidase (COX) in which AOX has a relatively low 
affinity for oxygen (O2) compared to COX (Paul and Derek, 2003). The AOX is a 
ubiquinone oxidase and it does not pump protons, and therefore the energy derived from 
the oxidation of ubiquinone (UQ) is not conserved as ATP. The AOX is absent from 
animal mitochondria, but is found in the mitochondrial respiratory chain of plant as well 
as some fungi, yeasts and protozoa. The metabolic rationale behind the presence of 
AOX can vary with organism. In more typical plants, there is evidence that AOX is a 
response to oxidative stress (Paul and Derek, 2003). Recently, it has been reported that 
the physiological role of AOX as a “survival” protein that allows plants to cope with the 
stressful environment (Juszczuk and Rychtr, 2003). Among several environmental 
conditions controlling AOX abundance in vivo, O2 availability is usually neglected and 
competition for O2 as electron acceptor is seldom considered as a factor controlling the 
flow of electrons between the Cyt and Alt pathways (Szal et al., 2003). The effect of O2 
concentrations on plant respiration and Alt respiration has been reported by some 
researchers (Ricard et al., 1994; Szal et al., 2003).  
In spite of extensive investigations, the physiological role of Alt respiration is 
not understood in depth, especially in mitochondria of CAM plants. One of the 
approaches to this problem is to evaluate the contributions of the Cyt and Alt respiratory 
chain to the total respiration basing on the effect of inhibitors on the mitochondrial 
respiration (Medentsev et al., 2002). It has been identified by oxygen isotope 
discrimination method (Robinson et al., 1992). This technique allows measuring the 
partitioning of electron transport to the Cyt and the Alt respiratory pathways of the plant 
mitochondria under normal physiological conditions. However, the narrowness between 
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the end points limits the sensitivity of the method and the time-consuming 
measurements will prevent its use for kinetic studies of electron partitioning in various 
conditions (Sluse and Jarmuszkiewicz, 1998). It is only since mid-1990s that there has 
been widespread appreciation that AOX can compete with the Cyt pathway for electrons 
and that this has serious implications for the use of inhibitor to exactly quantify Alt 
engagement (McDonald et al., 2002). Though using the inhibitors to assess the Alt 
pathway input into the respiration of isolated mitochondria sometimes considerably 
underestimates the real Alt pathway input in the absence of inhibitors, this method still 
was extensively applied to probe the contribution of Alt pathway on the electron 
transport chain (ETC) in mitochondria of many plants such as castor bean (Shugaev and 
Vyskrebentseva, 2001), durum wheat (Pastore et al., 2001), and Yarrowia lipolytica 
(Medentsev et al., 2002). Thus, still now inhibitor titration is useful to analysis on 
characteristics of ETC in plant mitochondria itself. 
For typical ME-CAM and PCK-CAM species as K. daigremontiana and A. 
comosus, the previous studies in our laboratory indicated that their intact leaves showed 
Alt respiration in CAM phase III, however K. daigremontiana was found to have a clear 
requirement of O2 whereas the O2 requirements in A. comosus were low (Nose et al., 
1999, Nose and Takashi, 2001). And, under low O2 concentration, K. daigremontiana 
lose phase III in CAM-type diurnal gas-exchange, however, A. comosus still exhibited a 
pattern of diurnal gas-exchange with low O2 condition. In this study, we continue to use 
two these typical CAM species to isolate and purify mitochondria, then we used the 
inhibitors of KCN and SHAM to probe the expression of Alt and Cyt respirations in 
their mitochondrial respiration. Our study was not to evaluate exactly quantitative 
contribution of Alt or Cyt engagement in mitochondrial respiration, but mainly focused 
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on assessing the control of ECT partitioning and compared the basic different 
characteristics of the Cyt and Alt respirations on the single and combined oxidations of 
succinate and NADH. We aimed to elucidate functions of respiration under these 
experimental conditions by using the inhibitors. Simultaneously, we tried to find out 
their roles in total respiration during CAM phase III under normal conditions and low 
O2 concentrations in mitochondria isolated from one of each typical ME-CAM and 
PCK-CAM species. 
5.2 Materials and Methods 
Plants were vegetatively propagated and grown in plastic pots in a greenhouse 
with heater under natural light conditions. Ten days before the experiments, the plants 
were transferred to a growth chamber (KG-50 HLA, Koito Industrial Co., LTD., Japan) 
with a photoperiod of 12 h light and 12 h dark. The temperature in the growth chamber 
was maintained at 35oC during the light period and 25oC during the dark period with 
photosynthetically active radiation of 420 to 450 µmol m-2 s-1 at the mid-plant height, 
and a relative humidity of 70%. The leaves were harvested at 6 to 7 h after the 
beginning of the light period. The harvested leaves were transported to the laboratory, 
rinsed thoroughly with distilled water and used for isolating of mitochondria.  
Oxygen consumption was measured using an oxygen electrode (Rank Brothers 
England) at 25oC in 2 mL of reaction medium [(300 mM mannitol, 10 mM KH2PO4, 5 
mM MgCl2, 10 mM KCl, 100 mM HEPES-KOH (pH 7.2)]. The mitochondria were 
preincubated with 0.16 mM ATP for 2 min to ensure full activation of succinate 
dehydrogenase before each assay with succinate oxidation. NADH oxidations were 
investigated at pH 6.8 in the presence of 1mM Ca2+. RCR and ADP/O ratios were 
calculated according to Estabrook (1967). The O2 concentration in air-saturated medium 
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was taken as 258 µM. The protein content was measured by the method of Bradford 
(1976) using BSA as the standard.  
Titration of KCN or SHAM was performed with succinate and NADH 
oxidations. Effect of the inhibitors was investigated within the range: 10-400 µM for 
KCN and 0.5-4 mM for SHAM in methoxyethanol. Measurements were conducted in 
an oxygen electrode with 2 mL of reaction medium. Oxygen concentration at zero was 
adjusted by using Na2S2O4.  
Effects of O2 on the succinate oxidation in mitochondria of K. daigremontiana 
and A. comosus were probed at three levels of 21, 14 and 8 kPa O2. Partial pressure of 
oxygen at 21, 14 and 8 kPa O2 were set in a mixture-gas system of O2 and nitrogen (N2) 
using total volume of 3 liters for each assay. The partial pressure of O2 was calculated 
basing on the formula as below:  
YkPa= X / (3 - X)  
Z = 3 – X  
Where: YkPa, O2 partial pressure for assay; 3, total volume (L/min); X, O2 volume 
(L/min); and Z, N2 volume (L/min).  
After setting the mixture-gas of O2 and N2 at the calculated volumes to reach 
the assay concentration at 21, 14, or 8 kPa O2, the mixture-gas was provided into the 
oxygen electrode reaction medium. Inside the reaction medium, the mixture-gas was 
continuously bubbling, and this bubbling process gradually achieved to the saturated 
levels. At that time, the mitochondria, substrates, ADP and the inhibitors were added to 
measure the effects of O2 concentrations on the respiratory property and Alt respiration 
pathway in mitochondria of both species. During the assay at each O2 condition, each 
mixture-gas was blown on the surface of the reaction medium. The O2 saturated 
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concentration in medium at 21, 14 and 8 kPa O2 were taken as 258, 172 and 98 µM, 
respectively (Estabrook, 1967). 
The results in Fig. 5.2 to Fig. 5.5 showed the typical electrode traces of three 
independent experiments for each assay condition. 
5.3. Results 
5.3.1. Effects of individual KCN or SHAM 
Figure 5.1 showed effects of individual KCN or SHAM on succinate and 
NADH oxidations in mitochondria of A. comosus and K. daigremontiana. Mitochondria 
of both species oxidized succinate and NADH with high rates and coupling in which 
mitochondria of A. comosus oxidized succinate with much higher rate than that of K. 
daigremontiana (Table 5.1 and Fig. 5.2). Succinate oxidations in both species were 
slightly inhibited by KCN at concentrations less than 50 µM (Fig. 5.1A). Addition of 
KCN concentrations in a range of 50-150 µM mainly inhibited succinate oxidations in 
mitochondria of both species and these inhibited rates were rather lower in mitochondria 
of K. daigremontiana than those of A. comosus. At KCN concentrations higher than 200 
µM, their inhibited effects on mitochondrial succinate oxidations were strongly differed 
between two species. Addition of 200 µM KCN on succinate oxidation of K. 
daigremontiana completely blocked the O2 uptake whereas this addition inhibited about 
82% the O2 uptake of A. comosus (Fig. 5.1A). In A. comosus mitochondria, succinate 
oxidation was completely inhibited by addition of 400 µM KCN (Fig. 5.1A). 
Our data indicated that NADH oxidation in mitochondria of A. comosus was 
especially sensitive with KCN than that of K. daigremontiana (Fig. 5.1B). Ten µM 
KCN inhibited about 15% of mitochondrial NADH oxidation in A. comosus whereas 
this concentration did not  affect on that of K. daigremontiana. Mitochondrial NADH 
Fig. 5.1. Effects of KCN or SHAM  on succinate and NADH oxidations in mitochondria
of A. comosus and K. daigremontiana. 
Assay conditions were: 10 mM succinate with 0.16 mM ATP, 1 mM NADH with 1 mM
Ca2+, and 0.32 mM ADP. Control values were calculated as measured values in the 
absence of the inhibitors and they were considered  as 100% in these assays.
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Table 5.1. Effects of KCN and SHAM on succinate and NADH oxidations in 
mitochondria of A. comosus and K. daigremontiana.  
Conditions were as shown in the Fig. 5.1. Data are measured under exactly the 
same experimental conditions. Results shown are means ± SE (n = 3 - 4) of separate 
preparations. 
 
       A. comosus          K. daigremontiana  
Treatments Succinate 
oxidation* 
NADH 
oxidation*
Succinate 
oxidation*
NADH 
oxidation* 
no inhibitor 
+ 0.5 mM SHAM 
+ 0.1 mM KCN 
217 ± 24 
145 ± 16 
78 ± 9 
147 ± 16 
147 ± 16 
0 
152 ± 18 
84 ± 9 
60 ± 7 
131 ± 15 
100 ± 8 
46 ± 7 
 
*Values was shown as nmol O2 min-1 mg-1 protein) 
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oxidation in A. comosus was mainly inhibited by KCN concentrations in a range of 
10-40 µM whereas this range seemed not significantly affected on the oxidation by K. 
daigremontiana. Fifty µM KCN was sufficient to block NADH oxidation in A. comosus 
whereas 50 µM KCN only inhibited about 30% of NADH oxidation in K. 
daigremontiana. In K. daigremontiana mitochondria, NADH oxidation was completely 
inhibited by 150 µM KCN (Fig. 5.1B). It has been observed that in plant mitochondria, 
NADH oxidation is poorly connected to Alt pathway than succinate oxidation (Day et 
al., 1988). The similar trend was also observed in our study (Fig. 5.1A and 5.1B). 
NADH oxidations in both species were more sensitive with KCN than those of 
succinate oxidations. Generally, NADH oxidations were usually affected by KCN 
concentrations in a range of 10-150 µM (Fig. 5.1B) while succinate oxidations were 
affected by KCN at much higher concentrations in a range of 50-400 µM (Fig. 5.1A).  
 The effects of SHAM on succinate oxidations in mitochondria of K. 
daigremontiana were rather similarly as those of A. comosus (Fig. 5.1C). The succinate 
oxidations in both species were significantly inhibited by 0.5-2 mM SHAM. Addition of 
3 mM SHAM completely blocked mitochondrial succinate oxidation in K. 
daigremontiana while it inhibited about 85% of the respiration rate in A. comosus, and 
addition of 4 mM SHAM fully inhibited succinate oxidation in A. comosus 
mitochondria (Fig. 5.1C). As shown in Fig. 5.1D, the effects of SHAM on 
mitochondrial NADH oxidation in A. comosus were clearly differed with those of K. 
daigremontiana. NADH oxidation of A. comosus was not inhibited by SHAM at 
concentrations less than 0.5 mM while these concentrations of SHAM inhibited about 
25% of NADH oxidation in K. daigremontiana, implicating that in this assay condition, 
the ETC from NADH oxidation of A. comosus were mainly operated by COX via Cyt 
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pathway. NADH oxidations were inhibited about 10% and 60% by 0.75 mM SHAM or 
30% and 68% by 1 mM SHAM in mitochondria of A. comosus and K. daigremontiana, 
respectively. Addition of 1.5 mM SHAM completely inhibited NADH oxidation of K. 
daigremontiana whereas 1.5 mM SHAM inhibited about 78% NADH oxidation of A. 
comosus. Addition of higher SHAM concentrations at 3 mM fully inhibited NADH 
oxidation in A. comosus mitochondria.  
The results in titration assays clearly indicated that the ETC in mitochondria of 
two these species engaged on both Cyt and Alt pathways and their engagement levels 
was varied depending on the substrates and species. In general, there were not clearly 
differences in sensitivity to the KCN and SHAM on succinate oxidations in 
mitochondria of both species. These inhibitors caused a significant effect on succinate 
oxidation in both species in a range of 0.5-0.15 mM for KCN and 0.5 -2 mM for SHAM, 
respectively. The inhibited rates by KCN and SHAM were slightly lower and higher, 
respectively in K. daigremontiana than those of A. comosus (Fig. 5.1A and 5.1C). In 
contrast, the effects of KCN and SHAM on NADH oxidations were completely differed 
between mitochondria of both species (Fig. 5.1B and 5.1D). NADH oxidation in A. 
comosus mitochondria usually showed rather higher respiration rates but much lower 
Alt respiration rates than those of K. daigremontiana mitochondria (Table 5.1 and Fig. 
5.1B). From the effects of KCN (Fig. 5.1B) and SHAM (Fig. 5.1D) on NADH oxidation, 
it could be consider that activity of external NADH dehydrogenase (NDE) was less 
connected with AOX but more connected with COX in NADH oxidation of A. comosus.  
5.3.2. Effects in combinations of KCN and SHAM 
Effects in a combination of 0.1 mM KCN and 1mM SHAM on the succinate 
and NADH oxidations also were investigated in both species (Fig. 5.2). In the presence  
Fig. 5.2. Effects of both KCN and SHAM  on succinate oxidations in mitochondria of A. 
comosus (A) and K. daigremontiana (B). 
Numbers along the traces refer to nmol O2 consumed min-1 mg-1 protein. Mp, purified 
mitochondria. RCR, respiratory control rate. Values were presented from a typical result 
of three independent experiments. 
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of 0.1 mM KCN and 1mM SHAM, succinate oxidations in A. comosus mitochondria 
showed about 22% of the oxygen uptake rates, and further adding 2 mM SHAM fully 
inhibited this oxidation (Fig. 5.2A). For NADH oxidations in K. daigremontiana 
mitochondria addition of 0.1 mM KCN and 1 mM SHAM completely blocked the 
residual respiration (Fig. 5.3). 
5.3.3. Effects of KCN and SHAM on concurrent oxidation of succinate and NADH 
The respiratory properties and effects of inhibitors on the concurrent oxidation 
of succinate and NADH in mitochondria of both species were shown in Fig. 5.4. 
Generally, the respiration rates in simultaneous oxidation of succinate and NADH were 
strongly increased and these respiration rates were much higher than those of individual 
NADH or succinate oxidations in both species (Fig. 5.2, Fig. 5.3 and Fig. 5.4). These 
concurrent oxidations of succinate and NADH usually gave the ADP/O ratios of less 
than 2 indicating that only two translocation sites were operated in these oxidations, and 
two proton-extrusion sites were utilized (Siedow and Day, 2000). 
 In the simultaneous oxidations of succinate and NADH, concomitantly with the 
increase in the respiration rate, an increase in the Alt respiration was also observed (Fig. 
5.4). Addition of 0.1 mM KCN usually inhibited about 64% and 61% of total respiration 
rate on individual succinate oxidation (Table 5.1 and Fig. 5.2) whereas this addition 
inhibited about 54% and 47% of total respiration rate on concurrent oxidations of 
succinate and NADH in mitochondria of A. comosus and K. daigremontiana, 
respectively (Figs. 4A and 4B). In the presence of 0.1 mM KCN and 1 mM SHAM, 
succinate oxidation in K. daigremontiana mitochondria was fully inhibited whereas 
their concurrent oxidation of succinate and NADH gave about 22% residual respiration 
rate (Figs. 2B and 4B). In A. comosus mitochondria, addition of 0.1 mM KCN and 1mM 
Fig. 5.3. Effects of both KCN and SHAM on succinate oxidations in K. 
daigremontiana mitochondria. 
Numbers along the traces refer to nmol O2 consumed min-1 mg-1 protein. 
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Fig. 5.4. Effects of KCN and SHAM  on oxidations of both succinate and NADH 
in mitochondria of A. comosus and K. daigremontiana.
Assay conditions were: 0.16 mM ATP, 10 mM succinate and 1 mM NADH. 
Numbers along the traces refer to nmol O2 consumed min-1 mg-1 protein. 
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SHAM inhibited about 80% total respiration rate of succinate oxidations whereas this 
addition inhibited about 74% total respiration rate of concurrent succinate and NADH  
5.3.4. Effects of oxygen conditions on mitochondrial succinate oxidation 
Effects of O2 conditions were probed at three levels of 21, 14 and 8 kPa O2 with 
succinate oxidation in mitochondria of K. daigremontiana and A. comosus (Fig. 5.5) and 
the results were summarized in Table 5.2. Mitochondria of both species oxidized 
succinate in all cases with significant respiration rates and respiratory control rates 
(RCR). These oxidations gave the ADP/O ratio less than two indicating that two 
proton-extrusion sites were utilized in all investigated succinate oxidation in 
mitochondria of both species. Our results showed that low O2 concentrations caused a 
significant decrease in the respiration rate on succinate oxidation in mitochondria of 
both species. The uninhibited respiration rates on succinate oxidations in mitochondria 
of A. comosus and K. daigremontiana were decreased following the falling of O2 
concentrations. However, these decreasing levels in mitochondria of K. daigremontiana 
were rather faster than those of A. comosus (Table 5.2). In the presence of 0.1 mM KCN, 
succinate oxidations of K. daigremontiana were inhibited about 61.3 ± 5.6 % at 21 kPa 
O2 while this oxidation was inhibited about 75.5 ± 6.9% at 14 kPa O2. In A. comosus 
mitochondria, addition of 0.1 mM KCN inhibited about 65.9 ± 4.1% and 71.7 ± 3.9 % 
of the respiration rates on succinate oxidation at 21 and 14 kPa O2, respectively. At 
much lower O2 concentration of 8 kPa O2, addition of 0.1 mM KCN was completely 
inhibited succinate oxidation in mitochondria of K. daigremontiana whereas this 
addition inhibited about 93.4 ± 2.8% succinate oxidation in A. comosus (Table 5.2). 
5.4. Discussion 
The results obtained from the present study indicated that the succinate and  
Fig. 5.5. Effect of low oxygen on succinate oxidation in A. comosus mitochondria 
(A) and K. daigremontiana mitochondria (B). 
Numbers along the traces refer to nmol O2 consumed min-1 mg-1 protein. The O2
saturated concentration in medium at 21, 14 and 8 kPa O2 were taken as 258, 172 
and 98 µM, respectively.
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Table 5.2.  Effects of oxygen on respiratory property and alternative respiration on 
succinate oxidation in mitochondria of K. daigremontiana and A. comosus. 
Assay conditions were 10 mM succinate, 0.16 mM ADP and 0.1 mM KCN. State 3 
refers to the respiration rate of O2 uptake in the presence of ADP; state 4 refers to the 
rate upon depletion of ADP. Respiratory control ratio (RCR) was calculated as the ratio 
of state 3 to state 4 rates. The O2 saturated concentration in medium at 21, 14 and 8 kPa 
O2 were taken as 258, 172 and 98 µM, respectively. Data are measured under exactly the 
same conditions. Results shown are means ± SE (n = 3 - 4) of separate preparations. 
Respiration rate  
(nmol O2 min-1 mg-1 protein)
Oxygen uptake in the 
presence of KCN  
 
Species 
 
State 3 
 
State 4
 
RCR 
 
ADP/O 
Respiration 
 rate 
% inhibited 
rates ** 
K. daigremontiana 
21 kPa O2 
14 kPa O2 
8 kPa O2 
 
142 ± 18 
87 ± 12 (61)* 
52 ± 9 (37)* 
 
67 ± 6 
43 ± 8 
24 ± 5 
 
2.1 ± 0.2 
2.0 ± 0.4 
2.2 ± 0.3 
 
1.5 ± 0.3 
1.6 ± 0.3 
1.8 ± 0.2 
 
55 ± 8 
21 ± 6 
0 
 
61.3 ± 5.6 
75.5 ± 6.9 
0 
A. comosus 
21 kPa O2 
14 kPa O2 
8 kPa O2 
217 ± 24 
152 ± 18 (70)* 
105 ± 21 (48)* 
 
110 ± 18
81 ± 10 
46 ± 9 
 
2.0 ± 0.3 
1.9 ± 0.4 
2.4 ± 0.2 
 
1.4 ± 0.3 
1.7 ± 0.2 
1.8 ± 0.2 
 
74 ± 9 
43 ± 6 
7 ± 3 
 
65.9 ± 4.1 
71.7 ± 3.9 
93.4 ± 2.8 
*: Numbers in parentheses are percentages relative to the value at state 3 under 21 kPa 
O2 
**: Values are percentages of inhibited respiration rate by 0.1mM KCN relative to un 
inhibitor respiration rate at state 3 under each O2 condition. 
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NADH oxidations in mitochondria of A. comosus and K. daigremontiana were partially 
inhibited by KCN and SHAM, indicating that these oxidations were connected to both 
Alt and Cyt pathways in their ETC.  In our results, however the effects of KCN and 
SHAM on succinate and NADH oxidations strongly differed. The mitochondrial 
respiratory property and Alt respiration were dependent on the substrates and species in 
which these capacities were lower with NADH as the substrate than with succinate in 
both species (Table 5.1).  
In our study, the NADH and succinate oxidations in mitochondria of both 
species showed that the respiration rates under the “no inhibitor” condition was similar 
with the sum of the respiration rates under the presence of 0.5 mM SHAM, and 1 mM 
KCN (Table 5.1). These data indicated that there was no difference between the values 
of uninhibited rates and sum of the inhibited rates by SHAM and KCN, suggesting the 
activity of AOX and COX in our study reflected the contribution to the total respiration. 
Furthermore, due to the succinate oxidation in mitochondria of A. comosus and K. 
daigremontiana was significant affected in a range of 0.5 -2 mM for SHAM, we fixed 
KCN at concentration of 0.1 mM and change SHAM at concentrations of 1 mM and 2 
mM to probe cooperative effect of KCN and SHAM on the individual and cooperative 
oxidations as described in Fig. 5.2 to Fig. 5.5. Previous study in mitochondria of 
ME-CAM plants as Sedum praealtum indicated that the O2 uptake was completely 
inhibited by the addition of 0.1 mM KCN and 1 mM SHAM (Arron et al., 1979), in our 
study, this addition also totally blocked the residual respiration rate on succinate 
oxidation in mitochondria of K. daigremontiana (Fig. 5.2B), but did not in A. comosus 
(Fig. 5.2A). 
Though quantification of Alt respiration by the combination of oxygen  
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electrode and inhibitors included some problems as previous reports (McDonald et al., 
2002), the differences in responses of mitochondrial respiration to different substrates or 
species obtained in the present study were intriguing. We will discuss the species and 
substrate specific responses of the Alt and Cyt respiration in referencing with 
connotative problems of the inhibitor experiment following the metabolism of the ETC 
in mitochondrial matrix and membrane as illustrated in Fig. 5.6. 
It has been reported that plant mitochondrial respiration conserves energy by 
linking NADH oxidation and electron-couple proton translocation with ATP synthesis, 
through a core pathway involving three larger complexes denoted Complex I, III, and IV. 
The oxidations of NADH are operated by two different dehydrogenases. An NDE 
enables cytoplasmic NADH to be used directly, while an internal NADH dehydrogenase 
(NDI) counterpart catalyses a rotenone-insensitive oxidation of mitochondrial NADH 
generated by the TCA cycle (Wood and Hollomon, 2003). NADH is unable to pass 
through the inner mitochondrial membrane so it is oxidized outside of the mitochondria 
by NDE and donated their electron directly to ubiquinone (UQ) pool (Møller, 2002; 
Siedow and Day, 2000). Differ from NADH, succinate is well known to permeate easily 
the inner mitochondrial membrane (Paul and Derek, 2003). It is oxidized in the matrix 
by succinate dehydrogenase to produce fumarate and donated their electron to complex 
II which is linked to the UQ pool. The fumarate was converted to malate, and then 
malate was further oxidized via NAD-ME to produce pyruvate and/or via malate 
dehydrogenase (MDH) to produce oxaloacetate (OAA). This process also produced 
NADH in the mitochondrial matrix which could be oxidized by internal NADH 
dehydrogenases (NDI) and donated their electron to UQ (Fig. 5.6). As a result, all of 
these processes could produce more electrons donating to UQ, increasing the capacity in  
Fig. 5.6. Electron transport chain during NADH and succinate oxidation in  
mitochondria of A. comosus (A) and K. daigremontiana (B). 
UQ, ubiquinone; Alt, alternative; Alt Ox, alternative oxidase; Cyt, cytochrome; 
Cyt Ox, cytochrome oxidase; OAA, oxaloacetate; MDH, malate dehydrogenase; 
ME, malic enzyme.
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transporting of electrons flux from UQ to Cyt and Alt pathways during succinate 
oxidation, whereas external NADH oxidations did not. Furthermore, the NADH 
produced in mitochondrial matrix during the above process might also become the 
substrates for enzyme reaction in the matrix and these activities could further contribute 
their role to increase the respiration rates. This might be a reason that succinate was 
faster oxidized than NADH in mitochondria of both species (Table 5.1). 
Our previous study showed that mitochondrial malate was further oxidized 
mainly by mitochondrial MDH via malate-OAA shuttle to produce OAA in A. comosus 
while it oxidized mainly via NAD-ME to produce pyruvate in K. daigremontiana (Hong 
et al., 2004a, c). Under assay conditions of this study, we did not supply of external 
Acetyl-CoA in mitochondria so probably the formed pyruvate and OAA from malate 
oxidation could not further convert in next reactions of TCA cycle, and they were 
accumulated in the mitochondrial matrix of K. daigremontiana and A. comosus. In fact, 
the pyruvate generated intramitochondrially during oxidation of malate and succinate 
could also lead to activation of AOX (Day et al., 1994), so it might be that accumulated 
pyruvate in K. daigremontiana mitochondria could further contribute their role in Alt 
respiration whereas OAA was still accumulated in matrix of A. comosus, leading to a 
slight increase in the Alt respiration in mitochondria of K. daigremontiana than A. 
comosus (Fig. 5.6). 
In this study, we emphasize that effect of KCN on NADH oxidation in 
mitochondria of A. comosus was completely differed from that of K. daigremontiana. 
Affected range of KCN on NADH oxidation in A. comosus mitochondria was lower 
than 50 µM whereas this range in K. daigremontiana mitochondria was around 50-150 
µM (Fig. 5.1B). These results indicated that NADH oxidation in A. comosus 
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mitochondria was more sensitivite to KCN than that of K. daigremontiana (Fig. 5.1B). 
Actually, the oxidations of NADH are operated by two different dehydrogenases. An 
external NADH dehydrogenase (NDE) enables cytoplasmic NADH to be used directly, 
while an internal NADH dehydrogenase (NDI) counterpart catalyses a 
rotenone-insensitive oxidation of mitochondrial NADH generated by the TCA cycle 
(Wood and Hollomon, 2003). NADH is unable to pass through the inner mitochondrial 
membrane so it is oxidized outside of the mitochondria by NDE and donated their 
electron directly to ubiquinone (UQ) pool (Møller, 2002; Siedow and Day, 2000). 
It is possible to explain that the specific sensitivity by KCN in NADH 
oxidation in A. comosus mitochondria might be caused by one of four reasons as (1) 
NDE activity was more connected with COX; (2) NDE activity was inhibited by KCN; 
(3) KCN also inhibited on AOX; and (4) COX was more active than AOX. If KCN 
could inhibit specially on AOX in NADH oxidation, this inhibition would be also 
observed in succinate oxidation. However, the effects of KCN on succinate oxidation 
(Fig. 5.1A) did not occur in the same way with NADH oxidation so the third reason was 
unsuitable. Further more, Wood and Hollomon (2003) has been reported that NDE lack 
inhibitors, so that the second and third reasons could be also eliminated. The effect of 
SHAM on NADH oxidation (Fig. 5.1D) supported for reason 1 in which the activity of 
NDE was more related to COX in NADH oxidation of A. comosus mitochondria. It 
seems that the COX is more active than AOX in NADH oxidation of A. comosus 
mitochondria and it is explained in discussion. 
Wood and Hollomon (2003) indicated that in plant mitochondria, the electron 
flow through the NDE could be branch via Cyt or Alt pathway at UQ pool depending on 
AOX and COX activities. Day et al. (1988) observed that the ETC flow through the 
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NDI was not rapid enough to engage the AOX. Our these results suggests that though 
the electron from NDE in NADH oxidation of mitochondria of K. daigremontiana and 
A. comosus input in the same UQ pool, they were differently branched at UQ in which 
the electron from UQ in NADH oxidation of A. comosus mitochondria were more 
connected with Cyt pathway than that of K. daigremontiana. It may be possible that the 
COX was more active and AOX was less active in NADH oxidation of A. comosus 
mitochondria than that of K. daigremontiana mitochondria. This result may reflect with 
ATP synthesis in A. comosus mitochondria during CAM phase III. It is very clear that 
during light period K. daigremontiana uses cytosolic ME to decarboxylate malate, 
generating pyruvate and CO2 whereas A. comosus uses cytosolic MDH to convert 
malate to OAA, and then OAA is further converted to PEP and CO2 by cytosolic PCK, 
and PCK reaction in cytosol of A. comosus consumed ATP (Winter and Smith, 1996). 
Our previous study found that NADH oxidation in A. comosus mitochondria 
significantly contribute their role in producing ATP for cytosolic PCK activity during 
the daytime by a malate-OAA shuttle (Hong et al., 2004b). In this study, based on the 
result of that NADH oxidation in A. comosus more connected to Cyt respiration, it is 
possible to suggest that this NADH oxidation is also related to mitochondrial ATP 
synthesis to provide energy for cytosolic PCK activity in the daytime of A. comosus.   
Similarly as K. pinnata mitochondria (Hong et al., 2005a), we also found that a 
cooperative oxidation of two substrates as succinate and NADH not only dramatically 
enhanced respiration rate but also increased the Alt respiration in mitochondria of A. 
comosus and K. daigremontiana (Fig. 5.4). These results provided further evident for 
previous reports that mitochondrial respiration and Alt pathway were not fully saturate 
with just one substrate in mitochondria of some plant species (Shugaev and 
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Vyskrebentseva, 2001, Hong et al., 2005a). 
Oxygen is essential as the terminal electron acceptor in the oxidative 
phosphorylation pathway, which provides the vast majority of ATP for cellular 
metabolism. Oxygen has a significant effect on plant metabolism in which the falling O2 
concentrations within plant tissue leads to a rapid inhibition of respiration 
(Geigenberger, 2003). Ricard et al. (1994) indicated that under low O2 concentration, 
COX activity was be limited, leading to decrease the respiration rate. In potato tuber, 
when O2 concentration is decreased to 12 kPa or 8 kPa O2, the decrease in adenylate 
energy status and respiratory flux is readily significant (Geigenberger, 2003). The rather 
similar trend was observed in our study when concentrations of O2 were reduced to 14 
kPa or 8 kPa O2, the O2 uptake in mitochondria of K. daigremontiana and A. comosus 
were significantly decreased (Table 5.2). Furthermore, Affourtit et al. (2001) showed 
that decreasing O2 concentrations at the mitochondrial level may result a low AOX 
activity. In our study, the low O2 concentrations not only caused a decrease in the total 
respiration rates but also in Alt respiration of mitochondrial succinate oxidation in both 
species (Fig. 5.5 and Table 5.2). It is probably that under low O2 concentrations when 
COX and AOX activities become O2 limited, ETC from UQ to Cyt or Alt pathway were 
inactivated, leading to a decrease in the O2 uptake and Alt respiration.  
These results indicated that the uninhibited respiration and Alt respiration on 
succinate oxidation were decreased markedly with the reducing of O2 concentrations in 
mitochondria of both species. Generally, the uninhibited respiration rates on succinate 
oxidation at 21, 14 and 8 kPa O2 in A. comosus were about 1.5 times higher than those 
of K. daigremontiana. And, though affects of O2 concentrations on the inhibited 
respiration by 0.1 mM KCN were not so different between two species, low O2 
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concentrations caused a significant decrease in the inhibited respiration of each species. 
These results indicated that mitochondria of A. comosus faster oxidized succinate than K. 
daigremontiana under almost assay conditions and the uninhibited respiration rates 
following the decease of O2 concentrations were more decreased in K. daigremontiana 
than those of A. comosus (Table 5.2). These results suggest that low O2 concentrations 
more affected to mitochondria of K. daigremontiana than A. comosus. Under low O2 
concentration of 8 kPa O2, the uninhibited respiration rates on succinate oxidation were 
strongly decreased, and mitochondria of both species mostly lost Alt respiration 
pathway. This might because under this condition, AOX activity in mitochondria of both 
species become fully O2 limited, and then the AOX was completely inactivated leading 
that the ETC from succinate dehydrogenase did not connect to Alt pathway. 
This study indicated that the effects of SHAM and KCN on NADH oxidations 
in mitochondria of A. comosus were differed from those of K. daigremontiana (Figs. 
5.1B and 5.1D). External NADH oxidation in mitochondria of A. comosus was much 
engaged on Cyt pathway and less connected to Alt pathway so this oxidation could 
produce much more ATP in A. comosus than those of K. daigremontiana. This might be 
one of the metabolisms of A. comosus to help mitochondria contribute their role in 
providing sufficient ATP for cytosolic PCK activity in the daytime. The decrease in 
respiratory property and Alt respiration on succinate oxidation in mitochondria of both 
species under low O2 concentration may have a physiological function in responding to 
adaptive with environmental changes. In case O2 can fall to low concentrations within 
these species, they can decrease their O2 consumption in response to low O2 
concentrations to avoid internal anoxia and increase their adaptive capacity. The results 
in present study showed that there are clear differences in the effects of KCN on 
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succinate and NADH oxidation in A. comosus, and NADH oxidation in mitochondria of 
A. comosus was more sensitive with KCN than that of K. daigremontiana. This is our 
initial results which were investigated with one of each typical species of ME-CAM and 
PCK-CAM plants. On next time, we will continue to do the same works with other 
species belong to two CAM groups in order to provide more experimental evidences for 
understanding the different expressions of the mitochondrial respiration and Alt 
respiration as well as their roles in the species of ME-CAM and PCK-CAM. 
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5.5. Summary 
Effects of potassium cyanide (KCN) and salicylhydroxamic acid (SHAM), and 
oxygen concentrations on mitochondrial respiration were investigated in purified 
mitochondria of one typical phosphoenolpyruvate carboxykinase (PCK) crassulacean 
acid metabolism (CAM) plant A. comosus (pineapple) and one typical malic enzyme 
(ME)-CAM plant K. daigremontiana. Mitochondria of A. comosus faster oxidized 
succinate and NADH than that of K. daigremontiana. Succinate and NADH oxidations 
in mitochondria of both species were partially inhibited by the individual KCN and 
SHAM, indicating that these oxidations were connected to cytochrome and alternative 
pathways in their electron transport chain. NADH oxidations were more sensitive with 
KCN than succinate oxidations, suggesting that the electron transport chains (ETC) 
from NADH oxidation were less connected to alternative pathway than succinate 
oxidation in mitochondria of both species. Cooperative oxidation of two substrates as 
succinate and NADH showed much higher respiration rates and alternative respiration 
than those of the individual oxidations in both species. NADH oxidation in A. comosus 
mitochondria was much engaged on cytochrome pathway so it could produce much 
more ATP in A. comosus than K. daigremontiana. This capacity might be one of the 
fitting metabolisms of A. comosus to help mitochondria contribution their role in 
supporting sufficient required ATP for cytosolic PCK activity in daytime. In addition, 
the reduction of oxygen concentrations caused a decrease not only in the respiratory 
property but also in the alternative respiration of succinate oxidation in mitochondria of 
both species, and these decreased levels were higher in K. daigremontiana than in A. 
comosus.  
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Chapter 6 
General discussion 
 
This chapter mainly discusses on the method to purified mitochondria and the 
general characteristics of mitochondria such as the respiratory properties, cyanide 
resistant respiration, and the effects of low oxygen concentrations on individual and 
simultaneous substrate oxidations in three investigated CAM species. Particularly, the 
discussion is focused on the main different characteristics between two Kalanchoë 
species and A. comosus and the roles of mitochondria during CAM phase III among 
these CAM species. 
6.1. Method to isolate and purify mitochondria of three CAM species  
Percoll purification is one of the most crucial, yet problematic, steps for high 
quality resolution of mitochondria in respiration. The Percoll purified mitochondria 
specially showed much higher intactness and respiratory property than those of washed 
mitochondria (Hanning et al., 1999). However, the used concentration of Percoll with 
next centrifuged steps during process of mitochondrial purification is not same for all 
CAM plants; the applying this method to purify mitochondria should be modified 
following the species and the purpose for study. For example, Eriksson et al. (1995) 
used Percoll at 20% to purify the crude mitochondria of Chlamydomonas reinhardtii, 
Hanning et al. (1999) used Percoll at 28 to 32% to purify mitochondria from potato 
(Solanum tuberosum) tuber and pea (Pisum sativum) leaves. In this study, at first, we 
have tried to establish a suitable method to isolate and purify mitochondria from the 
CAM species. As described in chapter 2, we used K. daigremontiana as the first 
material to study. The method to isolate washed mitochondria was basically according 
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to Day (1980) with slight modification, and then we used Percoll to purify the washed 
mitochondria following centrifuged steps as described in Fig. 2.1. Following this 
method, we found that using Percoll at concentration of 27% was suitable to purify K. 
daigremontiana mitochondria. Mitochondria, which were isolated and purified via this 
method, showed a rather high degree of intactness of the inner membrane (Table 2.1, 
Fig. 2.1). In addition, the Percoll purified mitochondria also showed the main 
characteristics in respiratory properties similarly as the published data by Day (1980) 
with washed mitochondria. Our results indicated that the intactness of inner and outer 
mitochondrial membrane was acceptable, and the sample preparation from K. 
daigremontiana in our study reflected specifically mitochondria property. These results 
were further confirmed in next experiments with K. pinnata and A. comosus in which 
the integrity in inner membrane of their mitochondria measured based on latency of 
COX activity was rather high (Table 3.1 and Table 4.1). Furthermore, in K. pinnata and 
A. comosus mitochondria, the specific activity of Rubisco was null and PEPC was 
approximate 4% and 1.7% of those in their cytosol, respectively (Table 3.1 and Table 
4.1), indicating that their mitochondria solutions did not contain chloroplast components 
and the cytosol contamination of the mitochondria was rather low. Our results displayed 
a suitable method in isolating and using 27% Percoll to purify mitochondria from the 
investigated CAM species. The Percoll-purified mitochondria prepared via this method 
showed high intactness of the inner and outer mitochondrial membrane and reflected 
specifically characteristics and properties of mitochondria during sample preparation 
(Table 2.1, Table 3.1 and Table 4.1). 
6.2. General characteristics of substrate oxidations in mitochondria of CAM 
species 
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6.2.1. Individual succinate, NADH and NADPH oxidations 
The results in chapter 2, 3 and 4 showed that similarly as mitochondria of 
Sedum praealtum (Arron et al., 1979), K. blosssfeldiana (Rustin and Queiroz-Claret, 
1985) and K. fedtschenkoi (Cook et al., 1995), mitochondria of three investigated CAM 
species in this study easily oxidized succinate and NADH with high respiration rate and 
good RCR ratios. Generally, mitochondria of K. pinnata oxidized succinate with the 
highest respiration rate, followed by A. comosus and K. daigremontiana (Table 2.2, 
Table 3.3 and Fig. 4.1A). Mitochondria of A. comosus and K. pinnata oxidized 
succinate with much higher rates than those of NADH oxidation (Table 3.3 and Fig. 
4.1A), while Kalanchoë mitochondria oxidized succinate and NADH with rather similar 
rates (Table 2.2). These results provided more evident for previous observations that 
respiratory-linked oxidations of exogenous succinate and NADH occurs in most CAM 
plants (Day, 1980). However, the oxidation levels of these substrates were not same for 
all plants; they varied depending on the species.  
It has been showed that oxidations of external NADPH is less common, but 
may be more widespread than previous considered (Day, 1980). Mitochondria of Sedum 
praealtum (Arron et al., 1979) and K. blosssfeldiana (Rustin and Queiroz-Claret, 1985) 
readily oxidized NADPH with significant rates while Atriplex spongiosa leaf 
mitochondria oxidized NADPH very slowly with no respiratory control (Day, 1980). 
Krömer et al. (1992) also reported that in spinach mitochondria, virtually no NADPH 
oxidation is observed. Møller (2002) showed that most of plant mitochondria could 
oxidize exogenous NADH and NADPH via external NADH and NADPH 
dehydrogenases respectively, in which NADPH dehydrogenase activity much depended 
on Ca2+ than that of NADH dehydrogenase. In this study, we found that mitochondria of 
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two Kalanchoë species readily oxidized NADPH in the absence of Ca2+ whereas A. 
comosus mitochondria did not. A. comosus mitochondria only oxidized NADPH with 
significant rates and coupling in the presence of high Ca2+ concentrations (Table 4.3 and 
Fig. 4.2). The results of this study suggest that the activity of external NADPH 
dehydrogenase which located on the outer surface of the inner membrane and operated 
NADPH oxidations in A. comosus mitochondria definitely required Ca2+ than that of 
Kalanchoë mitochondria.  
6.2.2 Enzyme activities and individual malate oxidation  
Actually, cytosolic NAD-ME and NADP-ME are present in both ME and 
PCK-CAM groups (Winter and Smith, 1996), however their concentrations in CAM 
plants are not fully understood. It has been found that in Aptenia cordifolia, NADP-ME 
is mainly located in the cytoplasm and it catalyses the decarboxylation of malate to 
yield pyruvate, CO2, and NADPH (Winter and Smith, 1996). Saito et al. (1994) 
indicated that during the induction of CAM in M. crystallinum, the extractable activities 
of both NAD-ME and NADP-ME increase, suggesting that both participate in phase III 
malate decarboxylation. In chapter 2, we found that though differed from activities 
levels during CAM phase III, both enzymes of NAD-ME and NADP-ME were 
generally located in intact leaves of K. daigrementiana in which NAD-ME activities 
were much higher than that of NADP-ME (Table 2.1). This result was consistent 
previous study of Ingram and Smith (1995) who reported that in K. daigremontiana, the 
development of CAM in the course of leaf ontogeny is associated with an increase in 
NAD-ME activity but a significant decline in NADP-ME activity. The result similarly 
as K. daigremontiana was also found in intact leaves of K. pinnata (Table 3.1, chapter 
3), indicating that both NAD-ME and NADP-ME enzymes were generally located in 
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intact leaves of these Kalanchoë species.  
The results in chapter 2, 3 and 4 showed that although NAD-ME, NADP-ME 
and MDH located in mitochondria of three CAM species, their activities in A. comosus 
mitochondria were completely differed from those of two Kalanchoë species. 
Mitochondria of two Kalanchoë species showed much higher NAD-ME and NADP-ME 
than those of A. comosus mitochondria while MDH activity in A. comosus mitochondria 
was much higher than those of two these Kalanchoë species (Table 4.2). In both 
Kalanchoë species, mitochondrial MDH and NAD-ME activities were much higher than 
NADP-ME and these enzyme activities in K. pinnata mitochondria were rather higher 
than those of K. daigremontiana (Table 2.1 and 3.1). These different characteristics in 
the activation of these enzymes may be a cause leading to the different ways in malate 
metabolism between two investigated ME-CAM species and one PCK-CAM species in 
this study. Although in these CAM species, the malate stored in the vacuole during the 
night was released to the cytoplasm, where it became a substrate for both cytosolic and 
mitochondrial enzymes during the day (Chen et al., 2002), the total malate metabolism 
in both cytosol and mitochondrion during CAM phase III of these species were 
completely different. For better understanding of these different characteristics, we 
postulated that a scheme summarizing the total malate metabolism in both cytosol and 
mitochondrion could occur during the decarboxylation phase of CAM rhythm for two 
Kalanchoë species and A. comosus (Fig. 6).  
In A. comosus, malate was mainly oxidized in the cytosol to produce OAA via 
cMDH. The PCK converted OAA to PEP and CO2. Malate could also import from the 
cytosol to the mitochondria by the malate-OAA shuttle. In the mitochondrial matrix, 
malate could be catalyzed by very high mitochondrial MDH to form the OAA. Also, the 
AB
Fig. 6. Comparison  of  substrate metabolisms in cytosol and mitochondria of A. comosus
(A) and Kalanchoë (B). ECT, electron transport chain.
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ME was present at low levels in A. comosus mitochondria, hence a little malate could be 
oxidized by low mitochondrial ME to produce pyruvate and CO2. The OAA formed by 
mitochondrial MDH activity could be exported outside the mitochondria via the 
malate-OAA shuttle (Fig. 6A). In two Kalanchoë species, cytosolic malate was 
catalyzed by cytoplasmic NAD(P)-ME to produce CO2 and pyruvate. Malate from 
cytosol could also enter into the mitochondrial matrix to be further metabolized. Both 
ME and MDH simultaneously contributed to mitochondrial malate metabolism of two 
these Kalanchoë species. However, ME played a main function in this metabolism in 
which malate was oxidized via ME to produce pyruvate and CO2 rather than via MDH 
to produce OAA (Fig. 6B). The detail discussions and functions related to the different 
characteristics of these malate metabolisms would be referred at the end of this chapter. 
Beside the different in mitochondrial oxidations of malate and NADPH 
between Kalanchoë and A. comosus, some general characteristics in mitochondrial 
substrate oxidations were found in all three CAM species. The ADP/O ratios in 
mitochondrial succinate, NADH and NADPH oxidations of three species were always 
less than 2, and in malate oxidation of two Kalanchoë were higher than 2. As oxidation 
of external NADH and NADPH (like the oxidation of succinate) does not involve 
proton transport by complex I while oxidation of malate does (Heldt, 1997). In these 
oxidations, the yield of ATP is lower than that in malate oxidation. In fact, the ADP/O 
value was known as the number of ADP molecules phosphorylated per molecule of 
oxygen reduced, which is an indication of the number of proton translocating sites. It 
has been knowledge that an ADP/O of about 2.5 is determined for substrates oxidized in 
mitochondria via formation of NADH (e.g. malate), and a ratio of about 1.6 for 
succinate, from which the redox equivalents are directly transferred to ubiqunone  
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 (Heldt, 1997). In mitochondria of three CAM species, we found that the ADP/O ratios 
of the succinate, NADH and NADPH oxidations were around 1.4-1.7 and the malate 
oxidation were around 2.2-2.5 (Table 2.2. and Table 3.3). These results were similar 
with previous reports in other CAM plants as Sedum praealtum (Arron et al., 1979) and 
K. blosssfeldiana (Rustin and Queiroz-Claret, 1985), indicating that two 
proton-extrusion sites were utilized in succinate, NADH and NADPH oxidations, and 
three proton-extrusion sites were utilized in malate oxidation. 
6.2.3. Characteristics of mitochondrial Alt respiration in CAM species  
In parallel with general characteristics in mitochondrial respiration, we also 
found that during CAM phase III, the mitochondria of three investigated CAM species 
were affected by KCN or SHAM. As discussion in chapter 3 and chapter 5, the results in 
this study clearly indicated that the electron transport chain (ETC) in mitochondria of 
these CAM species engaged on both Cyt and Alt pathways and their engagement levels 
were varied depending on the substrates and species. These results were consistant with 
previous study of Tsuchiya et al. (2001) and indicated that similarly as in intact leaves; 
cyanide resistant respiration was detected in mitochondria of all these CAM species. By 
using the inhibition technique, we observed that NADH and NADPH oxidations in 
mitochondria of these CAM species were more sensitive with KCN than that with 
succinate and malate oxidations, suggesting that NADH and NADPH oxidations more 
engaged to cytochrome (Cyt) pathway rather than Alt pathway and these capacities 
would be desirable to supply enough energy for cytosol enzyme activity.  
Particularly, we found a noticeable phenomenon that NADH oxidation in 
mitochondria of A. comosus was especially sensitive with KCN than that of two 
Kalanchoë species (Fig. 5.1B). Mitochondrial NADH oxidation by A. comosus was 
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mainly inhibited by KCN concentrations in a range of 10-40 µM whereas this range 
seemed not significantly affected on the oxidation by Kalanchoë species. The detail 
explanation for this phenomenon was presented in chapter 3 and chapter 5 in which we 
indicated that it may due to the electron transport chain in NADH oxidation of A. 
comosus mitochondria was more connected with Cyt pathway than those of Kalanchoë 
species. From these results, we suggest that external NADH oxidation could produce 
much more ATP in mitochondria of A. comosus than that of Kalanchoë species. This 
capacity might be one of the metabolisms of A. comosus to help mitochondria 
contribution to support sufficient required ATP for cytosolic PCK activity in daytime.  
6.2. 4. Characteristics of simultaneous substrate oxidations  
According to the published evidence on animal and yeast mitochondria, when 
two (or more) respiratory substrates are oxidized simultaneously and donate the 
reducing equivalents at the various segments of the respiratory chain, the competition 
for the coenzyme Q binding sites among the fluxes of reducing equivalents derived 
from various dehydrogenases is a universal mechanism for the control of ETC 
functioning. This competition must hamper the oxidation of each particulate substrate, 
with the less active dehydrogenase inhibited to the highest extent (Gutman, 1980, 
Shugaev and Vyskrebentseva, 1999).  
It has been also showed that in mitochondria of Petunia hybrida, Potato and 
Iris (Hemrika-Wagner et al., 1986) or mitochondria of castor bean hypocotyls (Shugaev 
and Vyskrebentseva, 1999), the simultaneous oxidation of two or three substrates 
accompanied with the dramatic increase in the rate of oxygen consumption and Alt 
respiration with completely additive oxidation rates for the individual substrates in 
mitochondria of these species. Shugaev and Vyskrebentseva (1999) explained that 
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cooperative oxidation of several substrates, that is, the simultaneous functioning of two 
or more dehydrogenases in the respiratory chain of the mitochondria, was accompanied 
by a considerable enhancement of the oxygen consumption, which have completely 
additive rates for oxidation of the individual substrates  
In this study, we found that normally the cooperative oxidation of two or three 
substrates of succinate, malate, and the exogenous NADH by mitochondria not only 
increased the respiration rates but also increased the Alt respiration in three CAM 
species (Table 3.5, Fig 3.1 and Fig. 5.4). Except the case of the adding NADPH to 
NADH oxidations in K. daigremontiana mitochondria did not cause an increase in total 
respiration rate (Table 2.3).  
Mitochondria of K. pinnata and A. comosus always showed much higher total 
respiration rates and the Alt respiration rate in cooperative NADH and NADPH 
oxidations than those of individual substrate oxidations. And generally, these rates were 
lower than the sum of the individual rates but higher than the individual rates. The 
similar increasing in total respiration and Alt respiration rates was also observed in most 
of the simultaneous oxidations of malate and NAD(P)H or succinate and NAD(P)H 
(Table 3.5, Fig 3.1 and Fig. 5.4) in mitochondria of three CAM species. These results 
may due to that when adding NAD(P)H in malate or succinate oxidations, the 
NAD(P)H dehydrogenases on the outer surface of the inner membrane in mitochondria 
of these CAM species were activated simultaneously with malate or succinate 
dehydrogenases, leading to an increase in electron flux to UQ and Alt pathway. As a 
result, not only total respiration rate but also Alt respiration was increased in 
simultaneous oxidations. The characteristics by the additive of the individual rates in the 
simultaneous oxidation of two or three substrates indicated that the oxygen uptake in 
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mitochondria of these CAM species was not saturated with one substrate. These results 
provided the evidence for previous reports that mitochondrial respiration and Alt 
pathway were not fully saturated with single substrate in plant mitochondria (Shugaev 
and Vyskrebentseva, 1999). The characteristic of the increasing in total respiration rates 
and Alt respiration in mitochondrial simultaneous substrate oxidation is very interesting. 
These characteristics were the first time to be observed in these CAM species; however 
the physiological role for Alt pathway during simultaneous substrate oxidations in phase 
III of CAM and what controls the activity of the Alt pathway in these oxidations in vivo 
are still not fully understood. So that it is necessary to further study with mitochondria 
of other CAM species to make this point become clear.   
In this study, K. daigremontiana mitochondria easily oxidized succinate, 
NADH and NADPH as individual substrates with significant respiration rates (Table 
2.2), and cooperative oxidation of succinate and NADH or succinate and NADPH were 
accompanied with the dramatic increase in the rate of oxygen consumption with 
completely additive oxidation rates for the individual substrates. These results indicated 
that external NADH and NADPH were oxidized by two different enzymes of exogenous 
NADH and NADPH dehydrogenases located on the outer surface of the inner 
membrane and these NAD(P)H dehydrogenases were activated in the cooperative 
oxidations of succinate with NADH or NADPH. Differ from mitochondria of K. pinnata 
and A. comosus, the addition of NADPH to NADH oxidation did not increase the 
respiration rate in K. daigremontiana mitochondria (Table 2.3). The reason for this 
phenomenon was not clearly understood. It may has a competition between exogenous 
NADH and NADPH dehydrogenases in the cooperative oxidation of NADH and 
NADPH but external NADH dehydrogenase was more active than external NADPH 
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dehydrogenase in K. daigremontiana mitochondria. For this reason, it is possible that in 
the cooperative oxidation of NADH and NADPH, only NADH was faster oxidized, and 
NADPH was not, leading to the total respiration rate in these cooperative oxidation was 
not higher than that of individual NADH oxidation. Further experiments must be carried 
out to define the mechanism of competition during cooperative NADH and NADPH 
oxidation in K. daigremontiana mitochondria. 
6.2.5. Effect of low oxygen concentration on mitochondrial substrate oxidations 
In chapter 5, we found that in mitochondria of K. daigremontiana and A. 
comosus, the reduction of oxygen concentrations not only caused a decrease in the total 
respiration rates but also in Alt respiration of mitochondrial succinate oxidation (Fig. 
5.5 and Table 5.2). It is probably that under low O2 concentrations when COX and AOX 
activities become O2 limited, ETC from UQ to Cyt or Alt pathway were inactivated, 
leading to a decrease in the O2 uptake and Alt respiration (see detail discussion in 
chapter 5). As referred in discussion of chapter 5 in which we suggest that the decrease 
in respiratory property and Alt respiration on succinate oxidation in mitochondria of 
both species under low O2 concentration may have a physiological function in 
responding to adaptive with environmental changes. In case O2 can fall to low 
concentrations within these species, they can decrease their O2 consumption in response 
to low O2 concentrations to avoid internal anoxia and increase their adaptive capacity. 
These results were very interesting and it required more investigate with other CAM 
species to find out the physiological function of mitochondria isolated from CAM 
species in responding to adaptive with environmental changes.  
6.3. The role of mitochondria in three CAM species 
One of the most outstanding problems in plant biochemistry concerns the 
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interaction between mitochondria, cytosol and other organelles, which involves the 
transfer of NAD(P)H reducing equivalent across the inner mitochondrial membrane 
(Raghavendra et al., 1994; Krömer, 1995; Pastore et al., 2003). Our study also showed 
that during CAM phase III, substrate metabolism in mitochondria related to the cytosol 
and chloroplast among three investigated CAM species. 
Actually during CAM phase III, malate decarboxylation in cytosol of two 
Kalanchoë species mainly via cytosolic NAD(P)-ME would release NAD(P)H, while 
malate oxidation in cytosol of A. comosus mainly via cytosolic NAD-MDH to produce 
OAA. Under these conditions, NADPH concentration can increase in cytosol of two 
Kalanchoë but not with cytosol of A. comosus. Relatively, we found that mitochondria 
of two Kalanchoë species easily oxidized NAD(P)H while A. comosus mitochondria 
only oxidized NADPH in the presences of high Ca2+. The characteristic may also relate 
to required ATP during CAM phase III in cytosol of two Kalanchoë species because that 
pyruvate orthophosphate dikinase (PPDK) was also accumulated in cytosol of K. 
daigremontiana and K. pinnata mesophyll cells (Kondo et al., 1998). It is unclear that if 
the role of cytosolic PPDK was similarly as chloroplast PPDK, which metabolism 
would support enough the energy source for their activity. In this study, we found that 
mitochondria of Kalanchoë species easily oxidized external NADH and NADPH at 
significant rates (Table 2.2 and Table 3.3), suggesting that cytosolic NAD(P)H oxidation 
by external NAD(P)H dehydrogenases in mitochondria of Kalanchoë species might 
supply energy for cytosolic PPDK activity. Furthermore in these species, mitochondrial 
malate decarboxylation mainly via ME produced pyruvate and CO2. Pyruvate was 
further converted in TCA cycle or was exported out of mitochondria. The exported 
pyruvate could directly phosphorylate to PEP by cytosol PPDK or could transport into 
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the chloroplasts and further phosphorylate to PEP by chloroplasts PPDK (Fig. 6B).  
In other hand, the occurrence of very high MDH in both the cytosol and 
mitochondria and the mitochondrial permeability to both malate and OAA allowed the 
operation of malate-OAA shuttle in A. comosus. As discussed in chapter 4, this shuttle 
might operate as a supporting system for the mitochondrion and the cytosol in 
controlling and regulating malate metabolism in order to supply OAA for PCK activity 
during the decarboxylation phase of the PCK-CAM plant. In other words, the MDH on 
either side of the mitochondrial membrane are linked by this shuttle in the daytime 
conversion of malate to OAA during the decarboxylation phase. In addition, it seems 
that A. comosus mitochondria not only support ATP for cytosolic PCK activity, but also 
contribute in supplying the substrate OAA for PCK activity of the decarboxylation 
phase during the day and for Asp synthesis in the cytosol (Fig. 6A).  
Plants grow using light energy to photosynthetically convert atmospheric CO2 
into carbon-rich compounds in the chloroplasts. These compounds are then respired in 
the cytosol and mitochondria to generate the energy and carbon intermediates necessary 
for biosynthesis (Hoefnagel et al., 1998). This study suggests that CO2 produced during 
malate metabolites in both cytosolic and mitochondria of three CAM species could also 
import into chloroplast to further convert for starch synthesis (Fig. 6A and 6B). 
 It has been indicated that malate release from the vacuole during the day must 
be close geared to metabolism in CAM plant so that it matches the rate of malate 
decarboxylation in the cytoplasm and the flux carbon in gluconeogenesis. To operate in 
phase III of CAM, this gluconeogenic pathway requires ATP (Edward et al., 1982). Our 
study suggest that mitochondria of three CAM species may contribute their roles not 
only in supplying the energy (ATP) and NAD(P)H reducing equivalents but also in 
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supplying pyruvate, OAA as carbon skeletons for metabolite exchange in their cytosol 
and chloroplast during CAM Phase III (Fig. 6A and 6B).   
This study showed that the oxidations of two substrates increased respiration 
rate and the Alt respiration while the reduction of oxygen concentrations caused a 
decrease the respiratory property and the Alt respiration in mitochondria of three CAM 
species. The details of these phenomenons and their role were discussed in chapter 3 
and chapter 5, however it required to further study in order to find our the physiological 
functions of these phenomenons during phase III of these CAM species. Other 
interesting finding in this study was that external NADH oxidation in A. comosus 
mitochondria was more engaged on Cyt pathway than on Alt pathway and it could be 
produce much more ATP than two Kalanchoë species. By this metabolism, A. comosus 
mitochondria could produce enough ATP for cytosolic PCK activity in daytime.  
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Future Prospects 
Our study contributes to draw a different picture of respiratory property in 
mitochondria isolated from two Kalanchoë species and A. comosus, especially their 
malate metabolite in both cytosol and mitochondria. Furthermore, the results in this 
study indicated that the interactions among the mitochondria, cytosol and chloroplasts 
in three investigated CAM species. Although main aspects of the characteristics and 
functions of mitochondria in these species have clearly identified, some remain 
questions during mitochondrial substrate oxidations are expanded, becoming worth 
topic for future study 
 At first, the results in chapter 2 and 3 indicated that during CAM Phase III, the 
respiration in mitochondria of two Kalanchoë species may support enough ATP for 
cytosolic PPDK activity. Nevertheless, the physiological role and activity of PPDK in 
cytosol in two these ME-CAM are unknown and these questions are necessary for 
future study. 
In our study, the NADPH oxidation in mitochondria of two Kalanchoë species 
was rather differed from that of A. comosus mitochondria. The NADPH oxidation in A. 
comosus mitochondria more depended on Ca2+ more than that of two Kalanchoë species. 
This result may be due to the activity of NADPH dehydrogenase in A. comosus 
mitochondria required more Ca2+ than that of two Kalanchoë species. However, the 
relationship between Ca2+ and activity of NADPH dehydrogenase as well as the role of 
Ca2+ in mitochondrial NADPH oxidations of these CAM species apparently need or are 
remain to be elucidated. 
The malate metabolisms in mitochondria of three investigated CAM species 
are clearly identified in this study, but the metabolites to be produced by these reactions 
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such as OAA or pyruvate and the contribution of these products to another metabolism 
in cytosol or chloroplast were not investigted in this study. Actually, the question that 
OAA produced during malate oxidation could be converted into TCA cycle or 
contribute their role in amino acid synthesis in the matrix of A. comosus mitochondria 
need to be elucidated. 
Mitochondrial ETC of three investigated CAM species were connected to Alt 
and Cyt pathways, and they were not saturated with single substrate. However, the 
metabolism to control these processes in mitochondria of these CAM species is still not 
fully understood. This point and the physiological role for the Alt pathway in phase III 
metabolism should study to fulfill the role of Alt respiration during malate 
decarboxylation in phase III of these CAM species.  
The OAA has been found to rapidly traverse the inner membrane of all the 
plants mitochondria studied so far. However for the present, the details of OAA 
transport in plant mitochondria remain unknown, but it is thought that the carrier is 
specific for OAA. In fact, the locatization of MDH in both cytosol and mitochondria, 
and the mitochondrial permeability to both malate and OAA could allow the operation 
of the malate-OAA shuttle in most of the plants mitochondria (Pastore et al., 2003, 
Hanning et al., 1999). Although Day and Wiskich (1984) indicated that in pea leaf 
mitochondria, the malate efflux and OAA influx occur on separate carriers, and 
Zoglowek et al. (1988) have provide evident that a malate-OAA shuttle across the inner 
mitochondrial membrane is catalyzed by an electrogenic uniport of malate and of OAA 
linked to a counter exchange, the question whether both malate and OAA are 
transported by a single transport protein or by two different ones cannot be answered at 
present (Douce and Neuburger, 1997). This study showed firstly for CAM plants that 
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the existence of malate-OAA shuttle in A. comosus mitochondrial membrane and by 
using this shuttle malate and OAA could be easily import in and export out the inner 
membrane. However, the details for regulation of this shuttle and the carriers and details 
of transport of OAA and malate in A. comosus are unknown, and these problems are 
required to study in the future.  
The mitochondrial malate metabolism and the malate-OAA shuttle in A. 
comosus are very interesting. These findings are complete new and it is the first time to 
be detected in A. comosus - one typical PCK-CAM species. Especially these finding 
indicated that the malate metabolism via the shuttle in A. comosus mitochondria plays 
the suitable roles for total malate metabolism during phase III of PCK-CAM. This 
shuttle could form the biochemical basis of the interaction between photosynthesis and 
respiration in A. comosus mitochondria in CAM phase III. However, we really don’t 
know this metabolism is common for all PCK-CAM plants or it is only a special 
pathway for A. comosus. So, our results suggest that it is necessary to further investigate 
mitochondrial malate metabolism with some other PCK-CAM species such as Hoya 
carnosa, Aloe arborescens, Orchid and others to clearly understand malate metabolism 
in mitochondria of PCK-CAM plants. If the malate metabolism in mitochondria of these 
species is also operated similarly as A. comosus via the malate-OAA shuttle, our 
research would be a common theory. It would be contribute to complete a different 
picture on total cycle of malate metabolism in both cytosol and mitochondrion during 
day time between ME-CAM and PCK-CAM plants. 
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Summary 
This study has been performing to obtain a better insight understanding of the 
mitochondrial respiration and the role of mitochondria during CAM phase III in two 
ME-CAM species of K. daigremontiana and K. pinnata and one PCK-CAM species of 
A. comosus. Another purpose of this study is to identify the interactions among the 
mitochondria, cytosol and chloroplast in three CAM species 
 In this study, enzyme activities, respiratory properties, and general 
characteristics of individual and simultaneous substrates oxidations were rather similar 
in mitochondria of two Kalanchoë species. Mitochondria of three CAM species readily 
oxidized succinate and NADH with the high rates similarly to mitochondria of other 
CAM species. However, NADPH and malate in Kalanchoë mitochondria were oxidized 
via different way from A. comosus mitochondria. Kalanchoë mitochondria easily 
oxidized NADPH without Ca2+ whereas A. comosus mitochondria only oxidized 
NADPH in the presence of Ca2+ at high concentration. I have also found that similarly 
as other malic enzyme (ME)-CAM species as Sedum praealtum (Arron et al., 1979), K. 
blosssfeldiana (Rustin and Queiroz-Claret, 1985) and K. fedtschenkoi (Cook et al., 
1995), in K. daigremontiana and K. pinnata, NAD-ME played an important role in 
mitochondrial malate metabolism in which malate was mainly oxidized by NAD-ME to 
produce pyruvate and CO2. This result contributed the further experimental evidence to 
confirm that malate metabolism in mitochondria of ME-CAM plants mainly via active 
NAD-ME to produce pyruvate and CO2. The main important finding of my research 
was that A. comosus mitochondria oxidized malate in a different way from mitochondria 
of ME-CAM species. It was strongly suggested that A. comosus mitochondria oxidized 
malate via the malate-oxaloacetate (OAA) shuttle. In A. comosus, OAA played a 
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significant role in the mitochondrial malate metabolism, in which malate was mainly 
oxidized by malate dehydrogenase (MDH) to produce OAA. The OAA could be 
exported to outside the mitochondria via a malate-OAA shuttle. The shuttle might to 
operate as a supporting system for mitochondrion and cytosol in controlling and 
regulating malate metabolism in order to supply OAA and ATP for PCK activity during 
decarboxylation phase of the PCK-CAM plants. 
 The activities of the electron transport chain (ETC) in mitochondria of 
Kalanchoë and A. comosus were significant differed. Although mitochondrial ETC of 
these species connected to both alternative (Alt) and cytochrome (Cyt) pathways, their 
capacities were varied depending on the substrates and species. External NADH 
oxidation in A. comosus mitochondria was much engaged on Cyt pathway and it could 
be produced much more ATP than in two Kalanchoë species. This capacity might be one 
of the metabolisms of A. comosus to help mitochondria function to produce sufficient 
required ATP for cytosolic PCK activity in daytime. The combination of two or three 
substrates not only dramatically enhanced respiration rate but also increased the Alt 
respiration in mitochondria of these CAM species. These results provided further 
evidence for previous reports that mitochondrial respiration and Alt pathway were not 
fully saturated with single substrate in mitochondria of these CAM species. In addition, 
the reduction of low oxygen concentrations caused a decrease not only in the respiratory 
property but also in the Alt respiration in mitochondria of Kalanchoë and A. comosus.  
From this study, it is possible to suggest that during CAM Phase III 
mitochondria of three CAM species may contribute not only to supply CO2 for 
chloroplast in the carbon fixation but also to supply ATP and NAD(P)H for malate 
decarboxylation itself and metabolism after the event. 
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Abstract in Japanese 
摘要 
   本研究では，供試した Kalanchoë daigremontiana と K. pinnata から単離
したミトコンドリアにおいて，その酵素活性及び呼吸特性，更には単一あるい
は複数の基質の酸化特性が類似していることが明らかとなった．これら 2 種の
Kalanchoë 及び Ananas comosus のミトコンドリアはいずれも，他の CAM 植物と
同様にコハク酸と NADH をすみやかに酸化した．しかし，Kalanchoë のミトコ
ンドリアでは NADPH とリンゴ酸の酸化の仕方が A. comosus とは異なっていた．
すなわち，Kalanchoë のミトコンドリアは Ca2+がなくても NADPH を酸化したが，
A. comosusのミトコンドリアはCa2+濃度が高い場合においてのみNADPHを酸化
した．また供試した 2 種の Kalanchoë では，Sedum praealtum，K. blossfeldiana, K. 
fedtschenkoi といったリンゴ酸酵素（ME）-CAM 植物と同様に，NAD-ME がミト
コンドリアにおけるリンゴ酸代謝にとって重要な役割を演じていることが明ら
かになった．両種においては，リンゴ酸は主として NAD-ME によって酸化され
ピルビン酸と CO２へ転換されるものと予想される． 
本研究で最も興味深い結果は，A. comosus のミトコンドリアは ME-CAM
植物とは異なる方法でリンゴ酸（malate）の酸化に関わっている点であった．A. 
comosus のミトコンドリアはリンゴ酸を malate-オキザロ酢酸(OAA)シャトルを
介して酸化し，OAA がミトコンドリアの malate 代謝にとって重要な役割を演じ
ている．つまり，A. comosus において malate はミトコンドリア・マトリックス
のリンゴ酸脱水素酵素(MDH)によって OAA へ酸化される．生じた OAA は
malate-OAA シャトルを介してミトコンドリアの外に輸送される．このシステム
は PEP カルボキシキナーゼ（PCK）-CAM 植物の脱炭酸過程において OAA と
ATP を PCK に供給・制御するミトコンドリアと細胞質の共役的系として働いて
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いると考えられる． 
さらにミトコンドリアにおける電子伝達鎖（electron transport chain，ETC）
の活性が Kalanchoë と A. comosus で異なることが明らかとなった．ミトコンドリ
アの電子伝達鎖はオータネーティブ(Alt)経路及びシトクローム(Cyt)経路のいず
れとも連結していたが，その連結の程度は基質や種によって異なっていた．A. 
comosus ミトコンドリアによる外生 NADH の酸化プロセスは Cyt 系へより強く
連結し，Kalanchoë よりも多くの ATP を産生する．この能力は昼間 PCK 反応に
ATP を必要としている A. comosus にとって適した代謝と考えられる． 
２種あるいは３種の基質の酸化は，CAM 植物のミトコンドリアにおける
呼吸を劇的に増加させるばかりでなく，Alt 呼吸も増進することが明らかとなっ
た．しかし，その呼吸速度は単一の基質を用いた呼吸速度の総和よりは低かっ
た．これらの結果はミトコンドリア呼吸と Alt 経路は単一の基質では完全に飽和
されていないという従来の知見を確認するものであった．更に，酸素濃度の低
下は，Kalanchoë と A. comosus のミトコンドリアにおける総呼吸と Alt 呼吸も低
下させた． 
これらの結果から，３種 CAM 植物におけ CAM 型光合成の phase III にお
いて，ミトコンドリアは葉緑体の炭素固定に必要なCO2供給するだけではなく，
脱炭酸や脱炭酸後の代謝変換のためのATPやNAD(P)Hの供給に対しても貢献し
ているものと考えられる． 
 
 
